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The discovery of ferroelectricity in polycrystalline thin ﬁlms of doped HfO2 has reignited the expectations of
developing competitive ferroelectric non-volatile memory devices. To date, it is widely accepted that the
performance of HfO2-based ferroelectric devices during their life cycle is critically dependent on the presence of point defects as well as structural phase polymorphism, which mainly originates from defects
either. The purpose of this review article is to overview the impact of defects in ferroelectric HfO2 on its
functional properties and the resulting performance of memory devices. Starting from the brief summary of
defects in classical perovskite ferroelectrics, we then introduce the known types of point defects in dielectric HfO2 thin ﬁlms. Further, we discuss main analytical techniques used to characterize the concentration
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and distribution of defects in doped ferroelectric HfO2 thin ﬁlms as well as at their interfaces with electro-
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des. The main part of the review is devoted to the recent experimental studies reporting the impact of
defects in ferroelectric HfO2 structures on the performance of diﬀerent memory devices. We end up with
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the summary and perspectives of HfO2-based ferroelectric competitive non-volatile memory devices.

I. Introduction
For decades, ferroelectric memories exploiting polarizationdependent eﬀects have been considered a promising concept
and competitive alternative to other types of memories thanks
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to non-volatility, high switching rate, low operating energy,
excellent scalability, and in some memory concepts nondestructive readout. In contrast to alternative random-access
memories based on ion migration exploiting a stochastic
movement of relatively massive particles, ferroelectric memories deal with the bistable switching mechanism and thus
promise a potentially high stability of switching parameters as
well as theoretically unlimited endurance. In particular, the
implementation and commercialization of a PbZrTiO3 (PZT)based ferroelectric random-access memory (FeRAM) have been
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a significant milestone in the development of non-volatile
memories. However, currently it remains a relatively small
share of the overall semiconductor market due to scalability
issues and poor compatibility of classical ferroelectrics and
concomitant noble metal electrode materials with the complementary metal–oxide-semiconductor (CMOS) technology.
The discovery of ferroelectricity in doped thin films of polycrystalline HfO2 a decade ago1 has quickly attracted attention of
the microelectronic community to this material. The ferroelectric properties of HfO2-based thin films, which by then had
been already integrated in the modern CMOS technology, reignited the interest not only in the integration of this material in
commercial FeRAM devices, but also in the development and
implementation of alternative ferroelectric memory concepts,
such as ferroelectric field-eﬀect transistors (FeFET),2,3 ferroelectric tunnel junctions (FTJ)4,5–8 and negative-capacitance fieldeﬀect transistors (NCFET).9,10 To date, about 800 papers and
several review articles (e.g., ref. 11–13) have been published
related to ferroelectric HfO2, in addition to the recent book covering most aspects of the ferroelectric HfO2 problematics.14 The
benchmark of modern ferroelectric HfO2 technology in terms of
various device parameters, also compared to perovskite ferroelectric oxides, can be found in recent reviews.15,16
Even though over the years the successful implementation of
diﬀerent ferroelectric HfO2 based memory devices has been
demonstrated, none of them has been commercialized so far. The
challenge, which has always been an issue for ferroelectric memories and still remains for ferroelectric HfO2, is the reliability of
devices. The eﬀects known as “imprint” and “fatigue” do manifest
themselves in the emerging devices and have to be minimized if
not eradicated before this new technology could enter the
memory market. In addition, HfO2-based devices often exhibit
diﬀerent characteristics for the nominally similar device structure.
Today, it is widely accepted that the performance of HfO2based ferroelectric devices during their life cycle is critically

dependent on the presence of point defects as well as structural phase polymorphism, which mainly originates from
defects either. Therefore, the focus of this review article is to
overview the impact of defects on ferroelectric properties of
HfO2 and on performance of ferroelectric HfO2 based devices.
Previously, several reviews have been published devoted to
defects in HfO2 in the context of high-κ dielectrics (see, e.g.,
ref. 17 and 18), leaving ferroelectricity of HfO2 beyond the
scope. Recently, the role of defect chemistry in fluorite-structure ferroelectrics for future electronic devices has been
reviewed.19
The present review is organized as follows. We start from
the description of defects in classical perovskite ferroelectrics,
the class of materials which for many decades has been
serving the functional basis of ferroelectric memories (worth
to note that the first non-volatile memory device demonstrated
in 1952 was based on ferroelectric BaTiO3 20). This section is
followed by the brief description of the known types of point
defects in HfO2 thin films. The eﬀects of doping, annealing,
layer thickness, etc. are discussed. Further, we introduce main
analytical techniques used to characterize the concentration
and distribution of defects in doped ferroelectric HfO2 thin
films. The main part of the review is devoted to recent experimental studies reporting the impact of defects in ferroelectric
HfO2 structures on the performance of diﬀerent memory
devices. We end up with the summary and perspectives of
using HfO2-based ferroelectrics for memory devices.
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II. Role of defects in ferroelectrics
II.1. Defects in classical ferroelectrics
The defects-related phenomena in ferroelectrics were first
documented in 195321 and 1955.22 Mason22 demonstrated the
aging eﬀect in bulk barium titanate ceramics reflected in a
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temporal decrease of its dielectric constant. Experiments and
calculations indicated that the aging may be caused by
reduction of the eﬀective polarization due to a slow temperature-induced motion of the domain walls. To explain the
domain wall displacement, Mason assumed that there are free
charges, which may migrate in ceramics and neutralize the
depolarization field as they do on the surface of a crystal. An
alternative suggestion was that the oxygen atoms adjacent to
the domain wall can be distorted to perform the same
function.
To date, despite the aging was reported first more than sixty
years ago, there is still no common model that can explain
aging for a broad range of materials. Most of models rely on
charged defects and their complexes. In a keystone work,
Jonker23 demonstrated that the principal cause of aging is the
segregation of impurities and vacancies on domain walls and
grain boundaries as well as the ordering of impurities and
vacancies inside the ferroelectric domains with respect to the
polar axis. In the experiment, Jonker used “fresh” (non-poled)
ceramic that was solid solution of 95% BaTiO3 and 5%
BaZrO3. This composition has the phase transition between
ferroelectric tetragonal and orthorhombic phases at 30 °C. The
ceramic samples were subjected to a temperature-time cycle,
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as shown in Fig. 1a. At 50 °C (the tetragonal form), the
samples were aging rapidly showing extreme pinching within a
few hours. When such a specimen was cooled to temperature
below 30 °C, the normal loop reappeared. Subsequently, the
sample was aged again, but much more slowly than at 50 °C.
After one day, the reasonable pinching was obtained. When
the ceramic was heated above the transition temperature, the
hysteresis loop returned to the normal shape. The results of
this experiment can be understood in terms of two ferroelectric structures, which have diﬀerent orientations of the polar
axes and thus completely diﬀerent domain patterns.
Therefore, the stabilization of the domain pattern in one structure has no influence on that in the other. We note that the
diﬀerence in aging rate can be associated not only with the
structure, but also with the conditioning temperature.
Another finding was even more significant: when the
sample aged at T = 50 °C was alternately heated and cooled,
the normal loop was exhibited on cooling, but the pinched
loop reappeared if the sample was reheated. With increasing
the time delay between cooling and heating, the pinching
gradually disappeared, demonstrating that the “memory” of
the aged state gradually faded. The same reversibility occurred
for a sample aged in the orthorhombic state and heated and

Fig. 1 (a) Temperature–time cycle for Ba(Ti0.95Zr0.05)O3. (b) Typical ac I–V and P–V curves of Ni-doped BaTiO3. The lower ﬁgure is material aged
about 15 min at 45 °C showing internal bias ﬁeld. (c) Experimental temporal evolution of internal ﬁelds in 1 mol% Ni-doped BaTiO3 upon artiﬁcial
aging at diﬀerent temperatures. Reproduced from ref. 23 with permission of Blackwell Publishing, Inc.; the American Ceramic Society, copyright
1972 (a); from ref. 25 with permission of Taylor & Francis Informa UK Ltd, copyright 1988 (b and c).
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cooled past the transition temperature. These results clearly
indicate that the domain pattern is stabilized by a diﬀusion
process, e.g., due to the segregation and ordering of impurities
and vacancies on domain walls and grain boundaries and with
respect to the polar axis, and that the resulting “diﬀusion
pattern” induces the “memory”. When the transition to a
diﬀerent structure occurs, this pattern slowly diﬀuses away.
In poled ferroelectrics, the aging results in the imprint of
the P–E hysteresis loop and the horizontal shift of ac I–E
curves (Fig. 1b). The shift of the hysteresis curve along the
E-axis prevents the material to be switched or depolarized by
moderate electric fields, for which reason the aging eﬀect is
sometimes called the stabilization eﬀect. The oﬀ centering of
the P–E hysteresis loop is attributed to the internal bias electric
field, which for doped BaTiO3 can reach up to 10 kV cm−1. In
ferroelectric ceramics, the internal bias fields build up if the
ceramic is doped with the acceptor ions. During the sintering,
oxygen vacancies are then created to maintain overall
electroneutrality.
Several explanations of the imprint eﬀect were proposed.
Lambeck and Jonker24 explained the imprint eﬀect by the
ordering of dipole defects. This model was further developed
by Arlt and Neumann25 who demonstrated that in Ni-doped
BaTiO3 the paired defects consisting of negatively charged
acceptor ions and positively charged oxygen vacancies form
electric dipoles. In the paraelectric state, dipole defects of
diﬀerent orientation are energetically equivalent, whereas they
have a preferred orientation in a polar matrix. Within this
theory, the internal bias field is not a macroscopic electric
field in the material, but rather a formal net equivalent to the
energetic diﬀerence of the two poling directions of dipoles.
According to the kinetic model, a build-up of the internal field
occurs through transient relaxation of dipolar defects which
orient in the local field of spontaneous polarization.
Theoretical simulations are in accordance with experimental
observations of temporal evolution of internal field (Fig. 1c),
which stabilizes after ∼105–106 s. However, prior to stabilization there is a stage of internal field build-up at the constant
rate in semilogarithmic scale.
In ferroelectric ceramics, the relaxation time of dipole
defects is mainly governed by the thermally activated diﬀusive
jumping of the oxygen vacancies. Following Arlt and
Neumann, many theoretical and experimental studies of
diﬀerent ferroelectrics were reported.26–29 In particular, the
presence of doping ionized atoms in ferroelectric material
forming associates coordinated with oxygen vacancy was confirmed by the electron paramagnetic resonance spectroscopy
by some groups.30,31
In partially poled ferroelectrics, P–V curves are pinched
during the aging and becoming double. Such development of
antiferroelectric-like P–V curves can be easily confused with
the phase transition to the antiferroelectric structural phase.
In fact, this phenomenon is caused by the two opposite
internal fields built-up in the domains with opposite orientation and following the domain pinning.32 Noteworthy, the
model of dipole defect reorientation is consistent with a low
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mobility of oxygen vacancies, because it depends on the
jumping of oxygen vacancy around the doping metal atom. In
contrast, for a “diﬀuse pattern” formation introduced by
Jonker a relatively high diﬀusivity of oxygen vacancies is
implied. In real ferroelectric materials, the combination of
both mechanisms can be expected depending on the diﬀusivity and binding energy between a doping atom and an oxygen
vacancy. The migration of the oxygen vacancies can cause the
formation of extra dipole defects.
Other mechanisms of the charge redistribution related to
point defects have been suggested. Genenko et al.33 developed
a model of aging of partially poled ferroelectric films based on
the drift of oxygen vacancies and other charges in the electric
field of polarization charges (Fig. 2). The model explained a
strong clamping of domain walls – up to 1 MPa, which corresponds to macroscopically observed coercive stresses in perovskite ferroelectrics. This value is two orders of magnitude larger
than that in the model of defect dipole reorientation34 and
thus charge drift provides a plausible mechanism for aging in
ferroelectrics. A common feature of these two aging mechanisms is that both the dipole reorientation and the defect
migration occur in those areas where the depolarization electric field is present.
Therefore, the proposed mechanisms of aging can be summarized as follows:35 (i) accumulation of point charges due to
either the charged defect migration or charge trapping governed by the domain structure, (ii) orientation of dipole
defects in the non-compensated field of ferroelectric polarization. The second mechanism can also imply the charge
migration, however, over a lower distance.
In ferroelectric memories, the aging eﬀect determines the
retention performance, i.e., the time of information persistence during long-term storage of a memory device. Like other
types of non-volatile memories, ferroelectric memories can
only be implemented by the electronics industry if they exhibit
a standard retention time of 10 years at elevated temperature
(85 °C). Internal bias field built-up during the temporal and
temperature conditioning causes the apparent loss of polarization at one remnant state and/or the inability to switch the

Fig. 2 Scheme of expected charge drift induced by the local electric
ﬁeld within the central region of the periodic domain. Thin layers of
positive charge carriers piled up at the negatively charged domain faces
as well as a wide (shaded) area depleted of mobile charge carriers near
the positively charged domain face are shown. Reproduced from ref. 33
with permission of the American Physical Society, copyright 2007.
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ferroelectric by the programming voltage due to an increase in
the coercive voltage.
Other key performance parameters of ferroelectric memories are also closely related to point defects. These include
fatigue and wake-up, which determine the maximal number of
operations possible for a particular memory cell – the so-called
endurance performance. In contrast to the retention performance, these parameters deal with another testing parameter –
fast electric field cycling, which simulates switching of the
memory cell.
In general, fatigue of ferroelectrics is their degradation in
terms of remanent polarization and coercive field values
during prolonged electrical stress, in either dc electric field, or
unipolar and bipolar cycling at diﬀerent frequencies and temperatures. In ferroelectric memories, the fatigue is tested by fast
bipolar cycling, while other types of electrical stress are used
for additional characterization of degradation. The underlying
mechanisms of the fatigue are partially related to the aging
eﬀect. While the aging phenomenon is mostly manifested in
an imprint or pinching of the polarization hysteresis loop,
fatigue results in a reduction of the remanent polarization
during electrical stress36 (Fig. 3).
To obtain a comprehensive understanding of the underlying mechanism, extensive studies have been devoted to
fatigue in both thin-film and bulk ferroelectric materials.37–39
Diﬀerent models were proposed, including defect redistribution,40 charge trapping,41 and local phase decomposition,42
i.e., quite similar to the aging phenomenon. In addition, the
electric-stimulated generation of extra defects and traps was
also expected. It was argued that in real ferroelectrics, a combination of diﬀerent mechanisms should be expected.43
In contrast to degradation of the ferroelectric properties
after an extensive bipolar cycling, their improvement is usually
observed during first operation cycles of as-prepared samples.
This training process is known as a “hysteresis relaxation”44
(or wake-up). For unpoled samples, it manifests itself as depinching of P–V hysteresis and merging of polarization peaks
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on ac I–V curves. For poled samples, the disappearance of
imprint is peculiar. As a result, the coercive voltages and remanent polarization stabilize (Fig. 4).
Usually, the hysteresis relaxation is explained by the cyclingstimulated disappearance of internal electrical fields initially
existing inside the ferroelectric. In a poled sample, the initial
field is unidirectional, whereas for an unpoled sample, there
are two types of regions with an oppositely directed initial field.
In fact, hysteresis relaxation can be considered as the recovering
of samples, which were unintentionally aged in the as-prepared
state due to technological processes performed at elevated
temperatures. Therefore, this eﬀect is also called a de-aging.
The underlying mechanisms are the same as for the aging, i.e.,
either redistribution of point charges previously accumulated at
domain boundaries or reorientation of dipole defects.
Noteworthy, although the build-up and relaxation of the
internal bias are based on the same physical mechanisms, the
two processes have diﬀerent time constant. The most probable
reason is in diﬀerent electric fields involved: whereas the aging
(imprint) occurs only under the influence of an intrinsic field
of the polarization charge, during the hysteresis relaxation
(wake-up) the applied electric field enforces the domain wall
displacements and polarization reversal processes.
In thin-film ferroelectric capacitors, the interface between
the electrode and the ferroelectric plays an additional important role in the performance of functional structures. The
interface manifests itself as a passive, defect-rich layer, favorable for nucleation seeds during polarization reversal, which
may play diﬀerent roles in the performance of a ferroelectric
capacitor.
First, a dielectric passive layer is in series connection with a
ferroelectric layer, and the applied voltage partially drops
across it. Thus, two capacitors in series appear as a voltage
divider for ac testing voltage. As a result, the measured mean
coercive voltage seems to be larger than the real coercive
voltage and the distribution of coercive voltages seems to be
wider.

Fig. 3 Comparison of the macroscopic degradation in ferroelectric: (a) aging, (b) and (c) fatigue. Reproduced from ref. 36 with permission of the
American Institute of Physics, copyright 2014.
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Fig. 5 Schottky barriers and built-in electric ﬁeld for (a) partially
depleted (t > 2w) and (b) fully depleted (t < 2w) ferroelectric ﬁlm in
contact with metal electrodes. Reproduced from ref. 48 with permission
of IOP Publishing, copyright 1998.

Fig. 4 Family of ac I–V curves from Pb(Ti0.43Zr0.57)0.97Mn0.03O3 ﬁlm
illustrating wake-up eﬀect. The numbers of individual cycles are shown.
Reproduced from ref. 43 with permission of Taylor and Francis Ltd,
copyright 1977.

Second, the passive layer leads to an increase of the
depolarization field, which inevitably exists due to non-ideal
screening of polarization charges in electrodes. As a result, the
polarization loss due to depolarization develops during the
long-term storage of the capacitor.45 The polarization loss
during the information readout can also originate from an
imprint of the P–V curve related to the charge injection and
charge accumulation in the ferroelectric-passive layer.46,47 In
one of possible scenarios, in the poled ferroelectric state, this
layer is exposed to a relatively high electric field that provokes
charge injection. The injected charge is then captured by the
traps in the interfacial layer and is responsible for the voltage
shift observed when reversing the ferroelectric polarization.
The sign of this voltage shift defines the sign of the imprint.
Further, interface regions are responsible for the distribution of the electric field across the ferroelectric film.48
Perovskite ferroelectrics can be considered as semiconductors
with a low mobility of free carriers. When a semiconductor is
brought into contact with a metal electrode, a Schottky barrier
with a space charge accumulation or depletion region and
band bending is formed in the semiconductor close to the
interface (Fig. 5). The depletion layer originates either from
diﬀerent work functions of the semiconductor and the electrode, or from the high concentration of interface traps, and is
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accompanied by a built-in electric field, Ebi.48 The depletion
layer thickness in bulk materials is estimated to be a fraction
of a micrometer and could thus be comparable to the film
thickness. For thin (significantly thinner than 1 µm) films, the
film may be thinner than double the depletion layer t < 2w,
and the whole film becomes depleted. The experimental evidence also suggested that this is the case in many thin films.49
Interface depletion regions with high density of traps can
cause another impact on the observed ferroelectric properties.
Even in dielectric (non-ferroelectric) capacitors with nonuniform distribution of traps across the dielectric layer,
varying thickness of the interface depletion regions during the
measurement of the P–V curve can result in a ferroelectric-like
P–V hysteresis.50 This eﬀect originates from the gradual emission of carriers from traps, which occurs at suﬃciently high
voltage when the depletion region becomes thinner than the
region occupied by the traps.
Finally, yet importantly, the interface is a natural structural
defect in a ferroelectric thin-film structure. For this reason, the
interface is responsible for the nucleation of the reverse
domain seeds during polarization reversal thus contributing to
the polarization switching kinetics.
II.2. Defects in HfO2
Over the past two decades, HfO2 thin films are in the focus of
the microelectronic community. In early 2000s, HfO2 was
identified as the candidate for a high-κ gate dielectric material
to substitute SiON in CMOS field-eﬀect transistors.51 Later,52
HfO2 manifested itself as a functional layer in resistive random
access memory devices, where the varying conductivity of
(nano)filaments is defined by the formation, drift and
diﬀusion of charged oxygen vacancies. Since point defects play
crucial role in the functional properties of the devices, there
have been significant eﬀorts to gain knowledge about the
origin of defects in hafnium oxide and the physical mecha-
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nisms of their formation. Below, we distillate the information
related to the critical role of point defects in HfO2 on the performance of ferroelectric HfO2 based devices. In particular, we
outline the nature of the defects and their role in material
engineering through doping, forming interfaces with electrodes, and heat treatments.
II.2.1. Types of defects. During the development of Si-based
metal–oxide-semiconductor field-eﬀect transistor (MOSFET),
the charges in SiO2/Si-based MOS structure were classified into
four main types: (i) fixed (built-in) charges, (ii) mobile ionic
charges, (iii) bulk oxide trapped charges, (iv) interface-trapped
charges (Fig. 6a).53,54 The mobile ionic charges could occur
due to impurity ions (such as ions of Na and K in Fig. 6a) or
due to thermally generated vacancies of metal or oxygen
atoms.
As soon as HfO2 has emerged as a high-κ gate dielectric
material to replace SiO2 in MOSFETs, it was found that it
suﬀers from a much higher defect density than SiO2, particularly due to the imperfection of the HfO2/Si interface. First
theoretical studies of point defects in hafnium and zirconium
oxides (having similar properties due to similar outer shell
electronic configuration of Hf and Zr atoms) were performed
in 2001.55,56 The following types of defects were considered: (i)
negatively charged oxygen species and neutral oxygen interstitials, (ii) neutral oxygen vacancies (V0), (iii) negatively charged
oxygen vacancies (V−), (iv) singly and doubly positively charged
oxygen vacancies (V+, V2+), (v) neutral Hf vacancies, (vi) defects
due to the substitution of Zr atom for Hf. The oxygen vacancies
and interstitials were identified as the two most likely intrinsic
defects in terms of their formation energies.
Singly V+ and doubly positively charged V2+ oxygen
vacancies cause larger lattice relaxation than the neutral
oxygen vacancies V0. For instance, for V2+ three Hf neighbors
are moved away from the vacancy by about 0.1–0.2 Å (5–10% of
the Hf–O distance) and the relaxation energy is 0.8 eV, in contrast to 0.01 Å and 0.11 eV for V0. The strong relaxation is
caused by the fact that the neighboring Hf ions lose part of the
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screening eﬀect provided by the two electrons in the neutral
vacancy case. The remaining electron is strongly localized
inside the vacancy site, as can be seen in the spin density map
shown in Fig. 6b.
In diﬀerent studies, the energy levels for the defects significantly vary depending on the used formalism of
calculation.55,56–62 Good agreement with the experimental data
was demonstrated by the results of density functional calculations by Xiong et al.59 Fig. 6c summarizes the calculated
energy levels of the oxygen vacancies and interstitials. The
interstitial levels generally lie below the HfO2 midgap, while
the vacancy energy levels are in the upper part of the gap. The
energy levels are positioned against Si bands using the known
valence band oﬀset of HfO2 on Si of ∼3.3 eV.63 Since V0 levels
lie above the Si conduction edge, they tend to be positively
charged because they can transfer electrons into the Si thus
both serving as trapped charge centers in HfO2 and (slow)
mobile charges in HfO2/Si structures. Indeed, p-type conductivity was revealed in reduced HfO2−x films.64
The calculated energy levels of the defects in HfO2 close to
the oxide conduction band edge are in line with the experimental results obtained by electrophysical techniques,65,66 and
spectroscopic ellipsometry.67 Since oxygen vacancies and interstitials in HfO2 serve as electron traps, they were also detected
by electron spin resonance technique.68,69
Oxygen vacancies significantly aﬀect the MOSFET performance and its dynamics due to their diﬀusion and trapping properties. Charged defects induce electric fields and aﬀect band
oﬀsets thus leading to the increase of leakage current,
threshold voltage shifts, and consequently overall performance
instability.
II.2.2. Eﬀects of thermal treatments. The fabrication of
complementary MOSFET utilizes high-temperature annealing
for the activation of dopants implanted into Si. Therefore, the
evaluation of eﬀects of thermal treatment on high-κ dielectric
properties is required. In particular, the annealing may induce
oxygen diﬀusion through as grown oxide film and the for-

Fig. 6 (a) Terminology for charges associated with SiO2/Si-based MOS structure;53,54 (b) spin density in a plane containing three Hf ions neighboring the threefold-coordinated oxygen vacancy (V) with one electron removed from the system. The charge density is in 0.1 e Å−3 and all distances
are in Å; (c) calculated energy levels of the O vacancies and interstitials in HfO2, in their various charge states. Reproduced from ref. 48 with permission of John Wiley and Sons, copyright 1998 (Fig. 1a), from ref. 55 with permission of Wiley, copyright 2007; from ref. 59 with permission of the
American Institute of Physics, copyright 2005.
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mation of interstitial oxygen. Brossmann et al.70 studied the
bulk and grain boundary diﬀusion of O in ultrafine-grained
undoped monoclinic ZrO2. Volume and grain-boundary diﬀusivities were directly measured from O diﬀusion profiles
obtained with secondary ion-mass spectrometry on the
samples with diﬀerent crystallite sizes. For all temperatures
used in the study, the grain-boundary diﬀusion was faster than
the diﬀusion in bulk crystallites by approximately four orders
of magnitude. For instance, at 500 °C the grain-boundary
diﬀusion coeﬃcient was found 3 × 10−14 cm2 s−1, while in the
bulk it was only 1 × 10−18 cm2 s−1. The increased diﬀusivity
across grain boundaries was further confirmed for ultrathin
(3 nm) ZrO2 films by means of elemental depth profiles
obtained using Rutherford medium-energy ion scattering spectroscopy. First-principles calculations revealed the segregation
of positively charged oxygen vacancies near a grain boundary
(at the concentration up to 2.5 × 1014 cm−2) in monoclinic
HfO2,71 which corroborated the significant role of grain
boundaries in the current transport across ZrO2 and HfO2
films.
It is known that pure ZrO2 and HfO2 films may have
various degrees of crystallinity and diﬀerent polymorph composition depending on the growth/annealing temperature as
well as the film thickness. Analysis of experimental results of
Brossmann et al.70, Park and Olander72 and Busch et al.73
allows to conclude that the grain-boundary diﬀusivity can be
six orders of magnitude higher than the diﬀusivity of O in
cubic and tetragonal undoped zirconia, and the diﬀusivity
may vary up to ten orders of magnitude for diﬀerent
polymorphs.
For HfO2 films, the pre-exponential factor D0 for the
diﬀusion of oxygen ions were measured by Zafar et al.74 by the
current transient technique (Fig. 7a) and found to be 4 × 10−8
and 2 × 10−4 cm2 s−1 for 4 nm and 3.5 nm thick film, respectively, while the derived activation energy Ea was 0.46 and 0.60
eV (Fig. 7b). These results show that the diﬀusion of oxygen
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vacancies is higher in a thinner HfO2 film, apparently due to
the diﬀerence in the microstructure at the nanometer scale,
which is also in line with several other studies.72,75
A particular interest to the diﬀusion behavior of oxygen
vacancies in high-κ gate dielectrics was due to (i) the variation
in the dielectric permittivity for the films with diﬀerent phase
composition upon film crystallization; (ii) band bending in the
silicon layer beneath HfO2 76,77 due to positive charges or
dipoles within the dielectric layer, which aﬀect the electrostatic
potential in the silicon layer adjacent to the oxide; (iii) variation of gate leakage currents due to the redistribution of traps
across the film;60,78,79 (iv) undesirable growth of SiOx interlayer
during high-temperature annealing and the following decrease
of the “equivalent oxide thickness”.80 Theoretical studies81
predicted the tendency of accumulation of O defects at the
HfO2/Si interface, once they are present in HfO2 films. This
result is in line both with abovementioned study on the
oxygen vacancy segregation at grain boundaries71 and with the
experimental results revealing strong (∼0.5 V) electric dipole
formation at the HfO2/Si interface.82 Ferrari and Scarel83 found
that the formation of the interfacial SiO2 upon annealing ZrO2and HfO2-based MOS structures grown by the atomic layer
deposition occurs in two diﬀerent stages. The initial stage is
fast and independent of the O2 partial pressure in the
chamber. It is induced by hydroxyl groups injected into the Si
substrate by hafnia and zirconia. The second stage is slower
than the bare silicon oxidation performed at the same conditions. The slow oxidation rate is explained by the supply of
ambient oxygen to the ZrO2/SiO2 and HfO2/SiO2 interface
limited by the oxygen diﬀusion across high-k oxide films.
In ferroelectric HfO2, the diﬀusion of charged defects is also
expected at elevated temperatures. The modification of the
interface with the semiconductor during the annealing necessary for crystallization of the ferroelectric phase is also a significant issue for the development and fabrication of FeFET,
whereas the generation of oxygen vacancies at the metal–ferro-

Fig. 7 (a) Current density ( J) versus time curves measured at various temperatures and ﬁxed gate voltage for 40 Å thick HfO2 nFET (a new device is
used at each temperature); (b) dependence of measured diﬀusion coeﬃcient (D) on temperature (T ) for 40 and 35 Å thick HfO2 devices (symbols are
measurements and solid lines are the exponential ﬁts with the activation energy (E0) and pre-exponential factor (D0) obtained from the ﬁts; (c) calculated (dashed line) and experimental I–V curve obtained for Pt/SiO2(200 nm)/p-Si structure at T = 247 °C and the voltage sweep 12.5 mV s−1.
Reproduced from ref. 74 with permission of the American Institute of Physics, copyright 2011 (a and b), from ref. 84 with permission of IOP
Publishing, copyright 1971 (c).
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electric interface and their segregation contribute to the performance of ferroelectric memories.
It is worth to note that the diﬀusion of mobile charges can
contribute to the observed ferroelectric-like behavior of nonferroelectric films. Earlier, Chou84 showed that mobile charges
in a thermally grown SiO2 based MOS structure may resemble
ferroelectric- or antiferroelectric-like behavior on the measured
I–V curves. Two peaks observed on the quasi-static I–V curves
during a voltage sweep at elevated temperatures (Fig. 7c) were
attributed to either extrinsic or intrinsic ionic defects in the
insulating SiO2 film, i.e., the impurity ions and/or the thermally generated vacancies and interstitials of constituent ions.
These experimental results correspond to the mobile charge
concentration of ∼5 × 1015 C cm−3, which translates to the
surface concentration 2.5 × 109 cm2, just one order of magnitude less than the defect state density at the Si/thermal SiO2
interface. This phenomenon shows that ferroelectricity of new
materials should be verified not only by saturated P–V hysteresis, but also by demonstration of polarization switching by
either lattice deformation via X-ray diﬀraction or domain structure switching, e.g., via piezoresponse force microscopy.
II.2.3. Defects at metal/HfO2 interfaces. In contrast to a SiO2
gate dielectric, HfO2 and other high-κ dielectrics were found to
be incompatible with the doped poly-Si gate electrodes.85 Two
types of alternative electrode materials were considered,
specifically, technology-compatible nitrides (TiN, TaN, MoN,
WN) known for their diﬀusion barrier properties and noble
metals (Pt, Au, Ir, Ru, Re).17 Nitrides are known to form a subnm thick oxide layer at the interface with HfO2 due to the
chemical reduction-oxidization (redox) reaction.86,87 As a
result, positively charged oxygen vacancies are generated at the
interface region of HfO2 leading to the additional threshold
voltage shifts in the MOSFET.
This phenomenon, which is detrimental for MOSFETs, was
later exploited in the development of the resistive switching
random access memory (ReRAM). Oxygen vacancies formed at
the interface were identified as mobile defect species contributing to the formation/rupture of (nano-)filaments responsible for the switching of the conductivity across thin film
HfO2.88,89 The filament dynamics is usually described in terms
of the external electric field induced drift combined with the
thermally-accelerated diﬀusion of the (charged) oxygen
vacancies and redox processes. The electrode/HfO2 interface
engineering allowed improving the resistive switching performance through the generation of oxygen vacancies at the
rich interface layer serving as a reservoir for the supply of the
vacancies to the filament. By inserting an easily oxidized metal
(Hf, Ti, Ta, etc.) interlayer at the TiN/HfO2 interface, the oxygen
is “scavenged” from HfO2 oxide.90–92 Furthermore, in MOS
structures, the top Ti interlayer with a very high oxygen solubility can eﬀectively getter oxygen from the interface layer
through an interposed metal oxide HfO2 layer, thus decomposing SiO2 and reducing the interface layer thickness in a controllable fashion.93
Once the (electro-)chemical activity of TiN layer in contact
with HfO2 is revealed, noble metals with large electron work
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function, such as Pt, Re or Ru, seems a natural choice as an
opposite, neutral type of electrodes. However, in practice they
were found to result in the so-called Fermi level pinning in
contact with HfO2 due to the formation of oxygen vacancies in
the latter. Since the formation energy of O vacancies in the
bulk HfO2 is very large (6.38 eV),94 it has to be some specific
mechanism in HfO2 based MOS structures. It was suggested 95
that the formation energy of the (neutral) oxygen vacancy critically depends on the Fermi level of the metal with respect to
HfO2 and Si valence and conduction bands (Fig. 8). The formation energy diagram is illustrated in the low panel of a. A
neutral vacancy is created in the HfO2, with two electrons in its
vacancy level. These electrons gain energy by falling to the
metal Fermi energy EF contributing to the overall energy
balance. Another energy contribution comes from the liberated
O ion forming metal oxide at the interface. Finally, there is a
reaction of SiO2 formation following the diﬀusion of O ions to
the Si substrate during high temperature annealing.
Ultimately, the overall energy gain is suﬃcient to significantly
reduce HfO2 and to form high densities of oxygen vacancies
once the metal has the work function of ∼5.12 eV or higher
Fig. 8b.95
Similar conclusions regarding the formation of oxygen
vacancies in HfO2 were made by Cho et al.96 following the calculations from first principles. They revealed that the oxygen
vacancy formation energy ΔΩf drastically decreases at the
interface compared to the bulk value (Fig. 8c). Moreover, the
reduction of ΔΩf was found more pronounced for metals with
a high work function (Ag and Pt) and the interfacial segregation energy of vacancies was correlated well with the work
functions of metals. Despite the more prominent role of
metals with a high work function in formation of oxygen
vacancies demonstrated by the simulation, metals with a low
work function have trend to possess higher electronegativity.
Thus, they easily participate in reduction–oxidization chemical
reaction with the adjacent oxide layer supplying it with oxygen
vacancies.
Separately, the contact between HfO2 and a noble metal
may be not ideally chemically passive, especially when used as
a top electrode. In MOS structures, metal gates such as Pt, Re,
Ru, and Pd in contact with HfO2 dielectric were shown to be
extremely sensitive to postprocess oxidation down to low O2
partial pressures.97 Ex situ oxygen annealing increases the
device flatband voltage by ∼600 mV, while the subsequent ex
situ annealing in hydrogen allows the recovery of the initial
flatband voltage value. Cartier et al.97 interpreted this switching behavior as a reversible passivation of pre-existing defects
(V0) in the dielectric itself. The alternative explanation was
made by Pantisano et al.98 demonstrating the formation of
RuOx at the Ru/HfO2 interface in an oxidizing environment.
Oxygen can rapidly penetrate the 90 nm Ru gate, likely
through the Ru grain boundaries, and reach the interface, thus
leading to the formation of RuOx. Guha and Narayanan99 also
demonstrated the oxidation of Si at the bottom HfO2/Si interface due to oxygen transport through the top Re electrode and
HfO2 films. This does not look surprising considering that the
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Fig. 8 (a) O vacancy formation energy vs. Fermi energy in HfO2 and equivalent model with vacancy electrons falling to the Fermi level of a metal
gate; (b) calculated vacancy concentration vs. metal EF; (c) unit cell of the model interface (vacancy positions are noted as 1–8) and defect formation
energies of the oxygen vacancy at the interface with respect to the bulk value ΔΩf. Reproduced from ref. 95 (a and b) and ref. 96 (c) with permission
of the American Institute of Physics, copyright 2007 and 2008, respectively.

noble metals are well-known materials for catalysis and chemical sensor technology implying their ability to dissociate O2
molecules.
In conclusion, the defect control in HfO2 through the interface engineering requires not only the right choice of the
materials, but also the precise ambient control.
II.2.4. Eﬀects of doping. The interest in doping of HfO2 has
emerged during the development of high-k gate dielectrics and
persisted during the development of ReRAM. In general,
doping is widely utilized as an eﬀective approach to modify
properties of oxide materials.
For high-k applications, it is important that diﬀerent structural phases of HfO2 have diﬀerent dielectric permittivity.
There are several polymorphs in HfO2, such as monoclinic,
tetragonal, cubic, and orthorhombic phases. While monoclinic
HfO2 is stable at ambient conditions, the material undergoes a
phase transition to the tetragonal phase at 2000 K and further
to the cubic phase at 2900 K. The orthorhombic phase was
initially observed at high pressure conditions. The calculated
dielectric constants vary widely from phase to phase, and the
average dielectric constants are much higher for cubic and
tetragonal phases.100,101 Thin HfO2 films are usually amorphous at as-deposited state due to the low growth temperature

11644 | Nanoscale, 2021, 13, 11635–11678

by atomic layer deposition technique (up to 300 °C) and they
fully crystallize into the monoclinic phase upon annealing at
temperatures above 700 °C. First-principles calculations102 of
energetics of HfO2 polymorphs in the presence of various
dopants revealed that the tetragonal HfO2 phase is favored by
dopants Si, Ge, Sn, Ti, P, Al with ionic radii smaller than that
of Hf atoms and the formation of short bonds. The dopants Y,
Sc, Gd with atomic radii larger than that of the Hf atom facilitate the formation of cubic HfO2. These theoretical results
were supported by the experimental data. The tetragonal and
cubic phases of HfO2 are parent for ferroelectric orthorhombic
phase (Fig. 9), which is metastable at standard conditions. It
was also found that oxygen vacancies forming due to the
electrostatic compensation of trivalent dopants play a crucial
role in the stabilization of metastable phases in HfO2 103–105
and ZrO2.106,107
In the field of resistive switching memory, the phenomenon
of the doping-stimulated generation of the oxygen vacancies
has paved the way for the engineering of active layers. Zhang
et al.108 demonstrated that the chemical valence of a dopant
has significant impact on the behavior of oxygen vacancies,
while the eﬀect of dopant ionic radius is weak. By doping ZrO2
with a trivalent ion, such as Al or La, the oxygen-vacancy for-
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Fig. 9 Crystal phases and experimental lattice constants in A for ZrO2. Zr atoms are represented in green (big) and O atoms in red (small). In the
f-phases, the O atoms mainly responsible for the polarization are highlighted golden. To illustrate the relationship between the f- and o-phases, the
corresponding O atoms are highlighted in the o-phase as well. The polarization axis of the two f-phase cells is marked by black arrows (P).
Reproduced from ref. 165 with permission of the American Institute of Physics, copyright 2015.

mation energy significantly decreases due to the dipoles
formed between dopants and oxygen vacancies (Fig. 10). The
improvement of the resistive switching performance by doping
an active layer was confirmed by the experimental
studies.109,110

Thus, oxygen vacancies and their interstitials are the most
prominent defects in HfO2 films. The density and the localization of these defects in HfO2 film strongly depend on the
annealing temperature and ambient environment, electrode
materials and the doping species, which control polymorphism of the structural phases and define the variation of the
device performance.

III.

Methods of investigation

III.1. Electrophysical techniques

Fig. 10 (a) Formation energy of neutral oxygen vacancy in undoped
ZrO2 and doped ZrO2. (b) Formation energy of charged oxygen vacancy
in undoped and Al doped ZrO2 as a function of Fermi level. The zero of
Fermi level is set to the maximum of valence band, and the upper limit
of Fermi level is the minimum of conduction band. The stable charge
state of each defect is indicated. Reproduced from ref. 108 with permission of the American Institute of Physics, copyright 2010.
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Electrophysical techniques are the most used tools for characterization of defects and their role in device properties.
Electrophysical techniques can be classified based on either
measured parameter or used stimulus. Considering the
stimuli, defects can manifest themselves in diﬀerent ways
depending on the applied electric field and temperature, and
the purpose of the study is their temporal evolution. As for the
measured defect parameters, they are described in terms of
either traps or mobile charges. The defects in oxides are often
(slow) mobile traps, and therefore the measurement of both
appropriate characteristics is usually relevant.
III.1.1 Analysis of dc I–V curves. Quasistatic I–V curves are
sensitive to defects and their spatial distribution in a functional layer. Fitting I–V curves by diﬀerent models, such as
Pool–Frenkel, Schottky, or Fowler–Nordheim, as well as spacecharge limited current or trap-assisted tunneling, is often used
to reconstruct the conduction mechanism and to interpret the
origin of defects. However, this approach is quite ambiguous,
because, for example, the trap-assisted tunneling model allows
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fitting almost any I–V data by varying the model trap density.
The widely used Pool–Frenkel model was also reported to be
ambiguous for thin-film capacitors.111 Therefore, the analysis
of dc I–V curves in terms of conduction mechanisms is not a
robust way to describe traps in dielectric metal oxides.
III.1.2 Analysis of C–V curves. In memory devices based on
MOS structures, the measured C–V curves provide important
information, such as dielectric permittivity of oxide layer, the
type and the density of parasitic charges (including volume
fixed and mobile charges) and the subsequent flat-band
voltage, the type and the concentration of dopants in a semiconductor electrode. To reconstruct density of interface defects
at the semiconductor/dielectric interface, one can use either
capacitance or conductance measurements of the MOS structure since both characteristics contain similar information
about the interface traps. Capacitance methods are based on
the comparison of the theoretical C–V curves for an ideal MOS
structure with the experimental curves, which are usually
stretched due to trap contribution. For high- and low-frequency measurements, such analysis was developed by
Terman112 and Berglund,113 respectively. The diﬀerentiation
between high- and low-frequency regimes originates from the
time required to generate a large number of minor carriers at
the voltage, inducing the depletion or inversion regimes. For
silicon, this time is ∼100 Hz. The conductance method114
yields more accurate and reliable results for the trap density,
particularly, when it is low as in the thermally oxidized SiO2–Si
system (∼1010 cm−2), however, requires a larger number of
measurement routines.
The density of interface traps obtained for HfO2-based gate
stacks strongly depends on the growth procedure, doping,
thickness and especially on the sample treatment,115 and their
concentration caused by parasitic factors can be reduced down
to ∼3 × 1011 cm−2.
In contrast to linear dielectrics previously used in non-ferroelectric memories, the dielectric permittivity of ferroelectrics
depends on the applied voltage due to their thermodynamics.
The maximal dielectric permittivity is reached at mean coercive voltages due to contribution of domain walls, whereas it
decreases with a further increase of the applied electric field.
This behavior defines a butterfly-type look of the C–V curves of
ferroelectric capacitors.
Within the model of a ferroelectric capacitor containing
two interface depletion regions, the simulation of experimental C–V curves can provide the information about remanent polarization, Schottky barrier ES of ferroelectric–metal
interfaces, density of interface traps Nd and dielectric permittivity of ferroelectric ε.116 In this way, Brennan obtained the
following device parameters from C–V data: ES = 0.55 V,
volume density of interface traps Nd = 4 × 1018 cm−3, dielectric
permittivity ε = 400.
As discussed below, a peculiar property of ferroelectric
HfO2 is defect-mediated electric field-induced structural phase
changes during the operation of the HfO2 capacitor. Since
diﬀerent structural phases have diﬀerent dielectric permittivity, the evolution of the capacitance obtained from the
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measured C–V curves during the capacitor operation gives an
information on the structural transformations.
III.1.3 Thermally stimulated depolarization current (TSDC)
measurement. TSDC technique is a low-frequency technique
which has been shown to be suitable for studying the ionic/
molecular motion in diﬀerent materials over a large temperature range.117 TSDC experiments consist of polarizing the
sample at suﬃciently high temperature by means of a static
electric field. The polarized sample is then quenched, and the
electric current is monitored during the controlled heating
(Fig. 11). Raising the temperature increases the retardation
times of diﬀerent ionic/molecular motions, frozen during
quenching, and depolarization processes occur at diﬀerent
characteristic temperature ranges. A complex TSDC spectrum
of the material consists of peaks in the electrical current
against temperature plot resulting from the release of ionic/
molecular motions usually characterized by a distribution of
retardation times. TSDC technique was initially developed in
polymer community, but further it was adopted by inorganic
dielectrics including piezo- and ferroelectrics.118–120 In
polymer science, TSDC is used to measure the thermally
stimulated depolarization of molecules within a material
(Fig. 11). In inorganic dielectrics, TSDC technique helps to
identify the origin of diﬀerent relaxations in the material for
diﬀerentiation between the charged defects movement, trapping–detrapping eﬀects and the orientation of dipolar
defects.121 From TSDC measurements, the activation energy of
these processes and the trap density can be estimated.
Fengler et al.122 used TSDC technique to obtain evidence
for the presence of singly and doubly positively charged
mobile oxygen vacancies in ferroelectric 10 nm-thick
Hf0.5Zr0.5O2 films. First, the ferroelectric capacitors were polarized for 800 s at T = 380 °C with an applied voltage ranging
from 0.5 to 1.5 V. This step was followed by rapid cooling while
still applying the same electric field to freeze possible diﬀused
charges in their local and energetic positions. Additionally,
poling with 3.0 V was conducted at T = 25 °C. By slowly
heating up the sample at the rate 0.2 K s−1, the depolarization
current was measured (Fig. 12a). Two overlapping peaks were

Fig. 11 Waveforms of electric ﬁeld and temperature during TSDC
measurement and polarization/depolarization of molecules.
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Fig. 12 TSDC measurement of 10 nm thick TiN–Hf0.5Zr0.5O2–TiN capacitors using a ramp rate of 0.2 K s−1 (a) after poling with voltages between
0.5 and 1.5 V in steps of 0.25 V for 800 s at 380 °C and with 3.0 V for 800 s at 25 °C, (b) after poling with voltages between 0.5 and 1.5 V in steps of
0.25 V for 800 s at 320 °C and thermal cleaning at 250 °C for 800 s, and (d) after poling with voltages between 0.5 and 1.5 V in steps of 0.25 V for
800 s at 200 °C (the diﬀerent colors indicate the diﬀerent polling voltages); (c) extracted number of singly and doubly positively charged oxygen
vacancies of 10, 15, and 30 nm thick TiN–Hf0.5Zr0.5O2–TiN capacitors. Reproduced from ref. 122 with permission of Wiley, copyright 2018.

observed with maxima around 220 °C and 350 °C after poling
at 380 °C. The peaks were attributed to the low and high diﬀusivity of charge. To separate the peaks, the authors used the
thermal cleaning method;117 the result is shown in Fig. 12c
and d.
By using the slopes of the peaks (initial rise method),120
activation energies of diﬀusion were extracted ranging from
0.52 to 0.62 eV and from 1.04 to 1.24 eV for the low- and hightemperature peaks, respectively. These values were in agreement with those for the diﬀusion of singly (1.2 eV) and doubly
charged oxygen vacancies (0.7 eV) in HfO2 and ZrO2 acquired
by TEM123 and calculated from first principles.203 The amount
of singly and doubly charged oxygen vacancies was calculated
as 0.26% and 0.10% of the O3 sites within the film.
Further, the authors demonstrated clear reduction of the
amount of the charged oxygen vacancies with increasing thickness (Fig. 12b). It hints at a higher concentration of singly and
doubly charged oxygen vacancies at the metal interface, which
agrees with the theoretical results of Cho et al.96
III.1.4 Current transient spectroscopy. Current transient
technique consists of monitoring the current flowing into the
metal electrode after applying an excitation voltage pulse to
the dielectric layer. To induce or suppress temperature-stimulated process in MOS or metal–insulator–metal (MIM) structures, the measurements are frequently performed for the set
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of ambient temperature. Depending on the focus of the study,
the current can be also monitored at either zero or non-zero
voltage.
In the microelectronic community, this technique was
employed for studies of the charged defect diﬀusion, such as
the above-discussed experiment of Zafar et al.66 Alternatively, it
was used for the study of conduction mechanisms124 and
eﬀects of trap generation125,126 as well as charge trapping–
detrapping including the estimation of trap lifetime for HfO2
and ZrO2 thin films.125,126
In the ferroelectric community, current transients were
used for the demonstration of the eﬀect of negative capacitance127 and switching kinetics of domains.181 Both experiments implied the monitoring of the current during polarization switching and required the use of a series resistor (or
high-resistive electrode) to retard the supply of carriers from
power supply and thus to retard the polarization switching so
that to make the interested temporal eﬀects more easily detectable. Noteworthy, the routine P–V curves are also related to the
transient currents, specifically they are acquired by the temporal integration of transient current flowing during the
voltage sweeping.
III.1.5 Capacitance transient spectroscopy. Similar to the
current transient spectroscopy, the capacitance transient spectroscopy consists of the monitoring of temporal dynamics of
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small-signal high-frequency capacitance at a definite temperature and/or applied voltage.128 The capacitance of MOS or
MIM structures is highly sensitive to the electric potential
across them and thus to the instantaneous charge spatial distribution in the structure. Monitoring the capacitance temporal behavior after some stimulus (e.g., voltage or illumination) provides the information about charge redistribution due
to the developing charge migration, charging/discharging processes (associated with charge trapping/detrapping), polarization back-switching or phase changes.
This technique is widely used for small-signal studies of
the ferroelectric aging rate,129–133 because it allows avoiding
perturbation of the charge distribution by a large-signal
voltage used for the acquisition of the remanent polarization
and capacitance by measuring P–V and I–V curves. In this way,
diﬀerent stages of the aging were revealed. Weber et al.131
demonstrated that the aging of ferroelectric Ba(Zr,Ti)O3-based
capacitors exhibits at least three regimes depending on time t:
(i) a short time range, which is limited to t < 103 s; (ii) a long
time range, which begins after t ∼ 105 s; and (iii) an intermediate time range, which includes durations between these two
time regimes (Fig. 13a). In the short time range, the Ba(Zr,Ti)
O3 exhibited a complex behavior, depending on the prehistory
of the material including aging parameters and parameters of
stimulus voltage. In the long time range (t > 105 s), an ongoing
aging behavior was accompanied by the saturation of aging
independent of the sample composition, thermal annealing
conditions, or aging temperature. In the intermediate time
regime, the aging behavior was linear, on a logarithmic time
scale, which is consistent with multiple literature data on the
aging of ferroelectrics.
For Hf0.5Zr0.5O2 capacitors, Chouprik et al.132 showed that
the aging rate depends on parameters of stimulus voltage
(Fig. 13b). The aging rate for a partially switched polarization
was found higher than for a fully switched polarization
(Fig. 13c). This result indicates that the use of sub-switching to
improve the endurance can induce higher retention loss. For a
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non-ferroelectric Hf0.5Zr0.5O2 film, no charging/discharging was
observed within the time range of 1–1700 s even at non-elevated
temperature, as expected in the absence of ferroelectric charges.
Overall, capacitance transients of the detrapping are decaying exponential function of time, which factor is related to the
trap lifetime and cross-section of the charge capture.
Capacitance transient curves acquired at diﬀerent temperatures serve as raw data for the deep-level transient spectroscopy
which is discussed next.
III.1.5 Deep level transient spectroscopy (DLTS). DLTS is the
technique for the measurement of traps energy levels, the
cross section of carriers capture by traps and their concentrations, sensitive to the capture of both majority and minority
carriers (Fig. 14).134,135 Fig. 14a shows a schematic illustration
of the time dependences of the various experimental parameters associated with a majority-carrier trap pulse sequence
(top) and a minority-carrier trap injection pulse sequence
(bottom). A single “saturating” voltage pulse is applied to the
structure at a steady state (constant temperature). The amplitude and the duration of the pulse should be suﬃcient for full
filling of deep level traps. After the pulse, thermally-stimulated
emission of carriers from traps occurs. This process is
accompanied by the recovery of the capacitance to its initial
value. The highest energy resolution is provided by Laplace
DLTS,136 in which the capacitance transients are digitized and
averaged at a fixed temperature. Then, the defect emission
rates are obtained by using numerical methods being equivalent to the inverse Laplace transformation. The obtained
emission rates are presented as a spectral plot similar to classical DLTS (Fig. 14b).
The trap depth, cross section, and concentration in 10 nmthick amorphous ZrO2 films estimated by Li et al.137 were
found to be ∼2.5 eV, ∼1.8 × 10−16 cm2, and ∼1.0 × 1016 cm−3,
respectively. These results for ZrO2 matched the results
reported by Lu138 for 10 nm-thick HfO2 film.
III.1.6 Dynamic P–V curves and first order reverse curves
(FORC) technique. Routine P–V and FORC technique measure-

Fig. 13 (a) Example of an aging measurement (capacitance C versus time t ) for untreated, 1 at%-manganese-doped Ba(Ti1−xZrx)O3 (x = 0.05), tested
at T = 30 °C and frequency 1 kHz; capacitance transient curves (b) at diﬀerent duration of the switching voltage pulse for monodomain state, (c)
after the switching to mono- and polydomain state by the pulse 3 V, 100 μs and 1 V, 100 μs, respectively, and the following voltage pulse (1 V, 5 s)
(100 kHz). Reproduced from ref. 131 with permission of Wiley, copyright 2001 (a), from ref. 132 with permission of Elsevier, copyright 2021 (b and c).
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Fig. 14 (a) Typical time dependences involved in pulsed bias capacitance transients for majority- and minority-carrier traps. The upper half is a
majority-carrier pulse sequence while the lower half is an injection–pulse sequence. (b) Schematic illustration of the basic idea of DLTS method,
namely, the rate window concept. Figure shows the resulting response of a capacitance transient measurement apparatus equipped with a rate
window (adapted by Peaker et al.135 from ref. 134). Reproduced from ref. 135 with permission of the American Institute of Physics, copyright 2018.

ments allow the experimental determination of the internal
bias fields averaged over the device area and the description of
their evolution in terms of the Preisach model.139 FORC technique measurements of minor hysteresis P–V loops (sub-loops)
between saturation Esat and a variable reversal field Er ∈ [−Esat,
Esat] are performed according to the sequence: (i) saturation
under a positive field E ≥ Esat; (ii) ramping down to the reversal
value Er, when the polarization follows the descending branch
of the full hysteresis loop; (iii) increasing the field back to the
positive saturation, when the polarization is a function of both
the actual field E and of the reversal field Er.140 The FORC
family starting on the descending full hysteresis loop branch is
denoted as pFORC−1 (Er,E) (Fig. 15). The FORC diagram is a

contour plot of the FORC distribution defined as the mixed
second derivative of polarization with respect to Er and E:
ρ ðEr ; EÞ ¼


1 @ 2 pFORC 1 ðEr ; EÞ 1 @ 
1
χ
ðEr ; EÞ ;
¼
2
@Er @E
2 @Er FORC

in which χFORC−1 (Er,E) are the diﬀerential susceptibilities
measured along the FORCs. The 3D-distribution ρ(Er,E)
describes the sensitivity of polarization with respect to the
reversal Er and actual electric field E or, alternatively, ρ(Ec,Ei) is
a distribution of the switchable units over their coercive and
bias fields, being identical with the Preisach distribution for
classical Preisach systems.

Fig. 15 (a) The deﬁnition of the FORCs pFORC−1. (b) A hysteron associated to the point of co-ordinates (Eα,Eβ) in the Preisach plane. The coercive
ﬁeld of particle is Ec = Eα − Eβ/2 and the interaction ﬁeld is Ei = −Ebias = (Eα + Eβ)/2 (Ebias is the shift of the rectangular hysteresis loop in the E direction). The polarization is P0 and the saturation polarization is P0s. (c) The Preisach plane: Ec is the coercive ﬁeld of the particle, Ebias is the shift of the
rectangular hysteresis loop associated to any point in the Preisach plane and Ei = −Ebias is the interaction ﬁeld. Reproduced from ref. 140 with permission of the University of Novi Sad, Serbia, copyright 2009.

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021, 13, 11635–11678 | 11649

Review
By means of FORC, Schenk et al. demonstrated that as-prepared HfO2 thin film exhibits at least two distinct maxima in
the switching density, which are biased against each other and
merge into one single maximum around zero bias field during
field cycling (Fig. 16).141 Therefore, the defect-related opposite
internal bias fields gradually disappear during the wake-up.
The definite values of fields in MV cm−1 are reflected in
switching density distributions in Fig. 16. It should be noted
that the employment of FORC technique for the study of the
evolution of internal bias field during the wake-up can be
incorrect in the case of as-prepared ferroelectric HfO2 films
with weak internal fields and following fast wake-up process.
Indeed, the multiple application of voltage sweeps during
acquisition of the dataset disturbs the internal bias field distribution leading to the distorted results.
III.2. X-ray photoelectron spectroscopy
Laboratory X-ray Photoelectron Spectroscopy (XPS) is a wellknown technique used to determine chemical composition
within the subsurface region of a sample 3–5 nm in thickness.

Fig. 16 Wake-up for ferroelectric HfO2 thin ﬁlm: experimental switching density determined for (a) a pristine capacitor, (b) after 100, and (c)
after 1 × 104 rectangular switching cycles. The insets show the respective polarization hysteresis (extracted from each last FORC cycle) for
comparison. The solid line of each inset is the hysteresis for the accompanying switching density plot, whereas the dashed lines are the
respective two other hysteresis for comparison. Reproduced from ref.
141 with permission of the American Chemical Society, copyright 2015.
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However, when it comes to quantification of non-stoichiometry, the accuracy of XPS analysis is limited to several
percent. Therefore, it cannot be directly applied to monitor
point defects particularly in metal oxide dielectric thin films,
such as oxygen vacancies in HfO2: once their concentration
reaches the sensitivity limit of XPS analysis, the film would be
too leaky and no longer functional. An alternative approach is
to assign the shifts (and the broadening) of the core level lines
for relevant elements in a dielectric layer to the changes of the
local electric potential, which is the case if there are no concomitant chemical reactions. This approach has been successfully used for decades to derive electronic band line-up at the
metal/dielectric interface using the so-called Kraut
methodology.142,143 The observed shifts of the core-level peaks,
particularly for Hf and O for HfO2, with respect to the metal
Fermi level result from the electric dipole built at the metal/
dielectric interface. Such electric dipoles are usually attributed
to the redox reactions in HfO2 close to the metal/HfO2 interface and the generation of (charged) oxygen vacancies. The
magnitude of the dipole which is diﬀerent and changes upon
diﬀerent treatments may serve as a measure of oxygen vacancy
concentration in the adjacent HfO2 region. However, the probe
depth of the laboratory XPS analysis restricts its application to
ultrathin layers144 and/or in situ studies.143,145
By using a tunable energy range of 5–12 keV in synchrotronbased hard X-ray photoemission spectroscopy (HAXPES) the
photoelectron inelastic mean free path is significantly
increased, thus enabling to probe the layer(s) down to ∼20 nm
beneath the surface (see, e.g., ref. 146). This provides an opportunity for a non-destructive investigation of both chemical and
electronic properties of buried interfaces in a capacitor structure, hinting at the generation and migration of charged
defects in the HfO2 based ferroelectric layer. In the recent
study, HAXPES was used to analyze comprehensively the
chemical reactivity of undoped ferroelectric HfO2 grown by
PVD on top of the TiN bottom electrode as a function of the
growth conditions.86 It was found that the chemical state of Ti
in TiN layer close to the (bottom) interface with HfO2 depends
on the oxygen flow prior or during PVD of the latter (see
Fig. 17a). More importantly, the authors claimed the correlation between the O flow, the “passivation” of TiN surface by
TiO2 during PVD and the presence of oxygen vacancies in
HfO2 presumably generated during rapid thermal annealing of
the TiN/HfO2/TiN stack. It was suggested that these vacancies
in HfO2 give rise to the formation of Hf–N bonds observed in
both Hf and N spectra (Fig. 17b) and ultimately aﬀect the electrical characteristics of ferroelectric capacitors.
Furthermore, once HAXPES analysis is combined with
in situ electrical biasing of the functional ferroelectric capacitors and measurements of remanent polarization, one can
monitor the Ti core-level line energy position with respect to
Hf line position and shape, and subsequently quantify the
eﬀect of polarization reversal on the electronic conditions and
possibly reversible chemical reactions at the interfaces. Such
experiments performed for the standard TiN/Hf0.5Zr0.5O2/TiN
capacitor structures revealed asymmetric changes of the elec-
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Fig. 17 (a) HAXPES spectra of the Ti 2p core level taken for the ferroelectric HfO2/TiN samples with diﬀerent oxygen ﬂow rate 0–2 sccm during
HfO2 physical vapor deposition; (b) N 1s HAXPES spectra for HfO2/TiN grown at 0 sccm (S0, blue) and 2 sccm (S2, red) oxygen ﬂow. While both
show similar contribution of TiN and and O–Ti–N compounds, S0 contains a contribution of Hf–N (396 eV). The inset shows the contribution of
Hf–N for S1 only. Reproduced from ref. 86 with permission of the American Chemical Society, copyright 2020.

tronic band lineup at the bottom and top interfaces following
the polarization reversal (Fig. 18a).147 The additional laboratory XPS and energy dispersive X-ray spectroscopy (EDX) analyses (Fig. 18b) revealed the observed asymmetry results from
the diﬀerent chemical composition of the TiN/TiON/TiO2 layer
and presumably the concentration of charged oxygen
vacancies in Hf0.5Zr0.5O2 at the top and bottom interfaces.
More accurate information about the polarization-induced
built-in potential distribution across the ferroelectric HfO2
layer and eventually about the location of charged defects in
functional capacitor devices can be obtained by using a socalled X-ray standing-wave (SW) excited mode in HAXPES.87
The SWs are formed by the interference of X-rays incident at a
glancing angle and reflected from the engineered bottom electrode layer comprising heavy atoms. This technique was used
to determine the depth resolved charge accumulation at the
BiFeO3 ferroelectric layer in contact with a doped Mott insulator Ca1−xCexMnO3 148 and, more recently, to reconstruct the
polarization-dependent built-in non-linear potential distri-

bution in TiN/Hf0.5Zr0.5O2/W prototype capacitor devices
(Fig. 19a).87 Following the additional analyses and modelling,
it was concluded that the residual electric field independent of
polarization orientation is screened by non-ferroelectric space
charges in the ferroelectric Hf0.5Zr0.5O2 originating from the
positively charged oxygen vacancies and negatively charged
structural defects at the top and bottom interfaces, respectively
(Fig. 19b). The concentration of charged oxygen vacancies at
the top TiN/Hf0.5Zr0.5O2 interface was derived ∼3–7 × 1020
cm−3, depending on the polarization orientation.
III.3. Transmission electron microscopy
Transmission electron microscopy (TEM) oﬀers unique set of
techniques to gain insight into structure and behavior of
matter. Due to strong interaction between electrons and the
sample, these methods can provide information about minuscule local changes, such as point defects. Moreover, since electrons are charged particles, their movement depends on
macroscopic electric fields – the trait which is useful for study-

Fig. 18 (a) Electronic band diagrams across TiN/FE-HZO/TiN capacitors for both polarization directions reconstructed from operando HAXPES analysis; (b) complementary EDX analysis indicating the redox reaction at the top TiN/FE-HZO interface. Reproduced from ref. 147 with permission of
the American Chemical Society, copyright 2017.
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Fig. 19 (a) The derived potential distribution (solid) with the conﬁdence regions (semi-transparent) across ferroelectric–HZO layer for up (red) and
down (blue) polarization orientations and the results of theoretical modelling (dashed line); (b) schematic representation of the model structure
comprising positively charged oxygen vacancies and negatively charged structural defects in HZO layer at the top and bottom interfaces, respectively. Reproduced from ref. 87 with permission of the Royal Society of Chemistry, copyright 2019.

ing ferroelectrics. The specific requirements for sample preparation hamper the use of TEM, especially when preforming
operando studies. Nevertheless, these techniques provide
unique knowledge about the properties of the materials on the
atomic scale.
TEM techniques can be roughly split in two categories –
those using parallel illumination (e.g., high-resolution TEM,
electron holography, selected-area diﬀraction) and others
using focused beam (high-angle annular dark-field scanning
TEM (HAADF-STEM), spectroscopic techniques, such as EDS
and EELS, convergent beam electron diﬀraction (CBED)). The
focused beam is usually combined with the scanning to obtain
spatially resolved information.
The HAADF-STEM combined with CBED were instrumental
in determining the underlying crystallographic phase of ferroelectric HfO2. It was known from quantum-chemical simulations that there are at least two possible non-centrosymmetric orthorhombic phases with very similar lattice constants (Pca21 and Pmn21) which can contribute to ferroelectricity of HfO2. In addition, there are other possible phases,
including orthorhombic Pbcm, Pbca and tetragonal P42/nmc,
which have similar reciprocal lattices. Such diversity of structural phases makes it very diﬃcult to distinguish between
them using conventional diﬀraction methods. Mainly, the separation of centrosymmetric phases from non-centrosymmetric
is hindered by the Friedel’s law, which causes inversion symmetry to be factored out from the diﬀraction pattern due to
non-observability of phase. Fortunately, this becomes untrue
when dynamical eﬀects are taken into consideration within
the CBED technique, which allows visualizing the crystal symmetry elements and thus determining the exact crystallographic phase. Using this technique, Sang et al.149 unambiguously showed that thin ferroelectric HfO2 films are crystallized
to the Pca21 phase.
Moreover, CBED is very sensitive to local atomic displacements and electric fields, which can be used to map local electric fields and strains using scanning technique called diﬀerential phase contrast (DPC).150 For example, Fig. 20 shows the
polarization map in the doped multiferroic BiFeO3 with lattice
resolution.151
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Fig. 20 Polarization map in Ca-doped BiFeO3, superimposed over
HAADF-STEM image showing high polarization gradients. Reproduced
from ref. 151 with permission of the American Physical Society, copyright 2020.

The phase of the transmitted electron beam can also be
measured in parallel illumination conditions using holographic
approaches by combining the reference beam with the transmitted one (oﬀ-axis holography) or by utilizing aberration
eﬀects of objective lens and recovering phase information from
defocus series (in-line holography). This creates the possibility
to recover electric field induced by ferroelectric polarization and
consequently to perform orientation mapping of domains.152
Parallel illumination methods can be useful to visualize ferroelectric domains using the diﬀraction (dark-field) contrast.
By tilting the specimen in such a way that only singly diﬀracted
beam is allowed to pass through the objective aperture and to
form an image, one can observe locations on the specimen,
which produce this beam. This can be used, for example, to
observe domain movement in in situ experiments to study
domain dynamics, and, when combined with modern highspeed electron cameras, to probe domain wall motion under
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external biasing down to millisecond timescale.153 Moreover,
the use of this method can also reveal defects, such as dislocations and can be used to study their influence on domain
wall motion. Unfortunately, the presence of the small aperture
in the beam path limits the resolution by around 1 nm. To
obtain information on the smaller scale one has to resort to
HRTEM technique by allowing several diﬀracted beams to
interfere and to form atomic resolution image. This is a very
powerful technique and can be used to obtain atomic-scale
information (especially when using aberration-corrected TEM).
On the other hand, the physics of contrast formation in such
conditions is quite complicated, thus making the results
diﬃcult to interpret directly and requiring simulations to fit
them. Moreover, the image is very sensitive to observation conditions (such as defocus and zone axis alignment) and the
sample thickness, complicating the application of HRTEM
even further.
Because of this, imaging by scanning a focused beam is
used more often. Modern microscopes can be equipped with
aberration-corrected illumination system, providing probes
with the size around 50 pm. During such measurement, scattered electrons are captured by detector (or camera in case of

Review
so-called 4D-STEM, which is the basis of DPC mentioned
earlier). Most often the used detector in this case is HAADF
detector, which captures electrons scattered from the atomic
nuclei, thus providing contrast depending on the atomic
number. This makes the interpretation of images quite
straightforward and usually atomic positions can be obtained
by directly fitting the corresponding spots by Gaussian profiles, which provide the accuracy around several picometers.
This makes it possible the direct mapping of local lattice
strains providing, for example, the information about lattice
relaxation in the vicinity of boundary layers177,204 (Fig. 21).
HAADF-STEM is insensitive to lighter elements, so it cannot be
used to map, e.g., oxygen displacement, nevertheless, combined with the information about smaller angle scattering
(ADF) can even provide the ability to directly map the polarization orientation distribution.
To study ferroelastic and flexoelectric eﬀects, it is possible to
integrate a scanning probe microscopy probe directly on the
sample holder of the TEM. Using this approach one can observe
domain switching under applied mechanical stress. In ref. 154,
this technique was used to study ferroelastic domain switching
in PZT films under applied voltage and stress (Fig. 22).

Fig. 21 HAADF-STEM images of doped HfO2 in pristine, wake-up, and fatigue conditions showing relaxation of the bulk paraelectric monoclinic
and tetragonal symmetry at the electrode interfaces toward ferroelectric orthorhombic phase, a trend which is most pronounced in the pristine and
least pronounced in the fatigued. Reproduced from ref. 177 with permission of Wiley, copyright 2016.

Fig. 22 Evolution of a-domain shape in PZT ﬁlm under applied mechanical load. The domain growth and widening is clearly observable under
loaded conditions. After removal of out-of-plane stress the domain returns to its original shape. Reproduced from ref. 154 with permission of the
Nature Publishing Group, copyright 2014.
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III.4. Piezoresponse force microscopy (PFM)
To date, PFM is the most widely known tool for ferroelectric
domain structure imaging with the spatial resolution down to
10 nm. The studies of the domain structure transformation
upon the defect-sensitive stimuli (temperature, time, illumination, and electric field) help to reveal the impact of defects on
the device performance. Ferroelectric memories based on the
capacitors comprise thin or ultrathin ferroelectric film, and
the most relevant and straightforward microscopic information is obtained by the PFM studies in thin-film-capacitor
geometry. Besides, PFM analysis in thin-film capacitor geometry allows avoiding parasitic eﬀects typical for bare ferroelectric
films,155,156 such as charging the surface by the electric field of
an AFM tip, which can mimic ferroelectricity in paraelectric
films. The presence of a top metal electrode also cancels the
undesirable injection of charge into defect traps inside the
studied film, which changes the trap state and thus contributes to the piezoresponse. Furthermore, in non-vacuum
atomic force microscopes, such approach eliminates the
electrochemical modification of the sample due to absorbed
water film on studied surface. Dissociation of water molecules
during the PFM electrical stimulus leads to the formation of
the ions and radicals, which may participate in (electro-)
chemical reactions with the sample material thus changing its
physical properties. For hafnium oxide, additional diﬃculties
in studies of bare film come from anomalously small piezoelectric coeﬃcient (deﬀ < 2 pm V−1 for Si-doped HfO2 157). PFM
results always contain both genuine piezoresponse and parasitic eﬀects. In studies of bare classical ferroelectrics with
large piezoelectric coeﬃcient genuine piezoresponse can
prevail over parasitic charging eﬀects. In contrast, studies of
bare ferroelectric HfO2 film parasitic eﬀects dominate genuine
piezoresponse.158
Further improvement of the reliability of PFM studies in
thin-film-capacitor geometry can be achieved by using large
capacitors, approximately ∼100 μm in size, i.e. those of the
order of cantilever length. Such experimental scheme ensures
electrical shielding of the cantilever body from studied film by
the top electrode and thus excludes PFM artifacts due to
electrostatic cantilever–sample interaction.
Defect-mediated phenomena manifesting themselves in the
behavior of the domain structure upon the operation of ferroelectric memory capacitors are discussed below.
Pinning and depinning of ferroelectric domains due to local
internal bias fields can be observed upon the aging/fatigue
and hysteresis relaxation, respectively. Warren et al. argued
that the domain depinning dominated in the increase of polarization during the first stage of electrical cycling for PZT
films.159 For Hf0.5Zr0.5O2 capacitors, gradual domain depinning was observed during first 500 switching cycles
accompanied by the de-pinching of the P–V curve.182
Noteworthy, the domain pinning detectable by small-signal
PFM can be caused by two phenomena: non-switching and
back-switching of polarization. The back-switching is a
peculiar property of capacitors with an antiferroelectric-like be-
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havior due to the presence of two opposite internal electric
fields. In a fresh Hf0.5Zr0.5O2 film, the back-switching can be
so strong to even cause anomalous polarization switching, i.e.,
the switching of polarization vector in the direction opposite
to the applied electric field. The domain back-switching can
also lead to asymmetric switching of the domain structure of
undoped ferroelectric HfO2 capacitors198 due to the defectrelated uniaxial internal bias field specific to this material.
For the aged Hf0.5Zr0.5O2 films, the pinning of domains was
observed.132 The domain structure of partially switched capacitor was stabilized after the aging, which indicated the key role
of the domain structure in charge redistribution and the development of local internal bias fields.
An opposite phenomenon was reported for La-doped HfO2
capacitor.186 After partial switching to the polydomain state,
the capacitor continued to switch to the monodomain state for
36 hours (an inertial switching), which was attributed to the
injected charge mechanism. Being implemented in ferroelectric memories, this eﬀect oﬀers the opportunity to alleviate
retention loss.
Electric-field-induced structural phase transformations due to
the generation and redistribution of defects could be observed
at diﬀerent stages of the device operation. During the initial
stage, phase transformations from interfacial non-polar to
polar phase were demonstrated by TEM,204 whereas the aging
and fatigue were normally accompanied by opposite transformations.194 The reduction of the paraelectric dead layer
upon the initial stage of electrical cycling was confirmed by
PFM for Hf0.5Zr0.5O2 capacitor160,182 (see section IV.1.1).
Furthermore, it was shown that most changes occur during
the very first electric cycle. In contrast, no indication of the
reduction of the paraelectric dead layer was observed for both
La- and Ga-doped HfO2 capacitors.161,162
Upon the aging, only miniscule local decrease in piezoresponse was observed for the Hf0.5Zr0.5O2-based capacitor, i.e.,
the fraction of polar phase transformed to the non-polar phase
was minor.132 This result indicates that some irreversible structural changes occur during the de-aging of the as-prepared
Hf0.5Zr0.5O2 capacitor.
Besides the examination of the dead layer presence, the
PFM imaging of the as-prepared ferroelectric HfO2 capacitor
provides the information about initial domain structure
formed during the crystallization of initially amorphous HfO2
film. Such information indirectly helps to reconstruct initial
distribution of charged defects and thus the initial distribution of local internal bias fields along the HfO2 film.
III.5. Other analytical techniques
X-ray diﬀraction (XRD), particularly in grazing-incidence (GI)
geometry, is a well-established technique to determine structural phases in thin film materials. However, due to the diversity of phases in doped HfO2 thin films their identification
using XRD is highly challenging (detailed review can be found
particularly in ref. 14, section 3.1.2). Usually, XRD is combined
with other techniques such as TEM and PFM to reveal the
presence and the fraction of the ferroelectric phase in doped
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HfO2, but it is diﬃcult to conclude specifically about the eﬀect
of defects on the structural composition. Synchrotron based
resonant XRD technique is capable of discriminating between
non-centrosymmetric ferroelectric and non-ferroelectric
phases. Moreover, it is potentially possible to observe fast
polarization switching dynamics in ferroelectric HfO2 and
possibly the role of defects in these processes, however, so far
no results have been published.
Extended X-Ray Absorption Fine Structure (EXAFS), along
with X-ray Absorption Near Edge Structure (XANES), which are
subsets of X-ray Absorption Spectroscopy (XAS), has been successfully used in the past to study the eﬀect of dopants on the
stabilization of metastable phases and generation of vacancies
in bulk ZrO2.106,107 Recently, Schenk et al.163 correlated the
data for bulk hafnia and zirconia as well as their alloys with
those obtained for (ultra)thin films. However, according to the
authors, better understanding of the static and dynamic disorder in bulk phases is needed before the technique could be
applied to ferroelectric HfO2 thin films, where “the situation
with potentially multiple phases, size-eﬀects, strain, vacancies
or dopants is complex enough to pose a severe challenge”.
Therefore, so far it is too early to regard EXAFS/XANES as an
analytical technique to investigate microscopic structure of ferroelectric HfO2.

IV. Impact of defects on device
performance
After the discovery of ferroelectricity in doped HfO2 thin
films,1 eﬀorts have been largely focused on achieving the best
functional properties of the ferroelectric layer in terms of the
highest remanent polarization and the lowest coercive voltage.
These eﬀorts involved comprehensive studies of optimal film
thickness, doping species and concentration, annealing temperature and conditions, materials for electrodes and methods
of their preparation for obtaining the highest fraction of the
ferroelectric phase in the overall polycrystalline HfO2 film. In
parallel, first-principles calculations were performed aiming at
finding optimal parameters for the stabilization of the ferroelectric structural phase.164–167 To date, significant progress
has been achieved in both remanent polarization 2Pr (up to
50 μC cm−2) and coercive voltage Vc (down to 0.4–0.5 V), thus
improving such key memory performance parameters as the
readout charge and voltage. Meanwhile, pursuing the goal of
implementing a non-volatile memory based on ferroelectric
HfO2 has highlighted the reliability and particularly endurance
and retention as critical issues aﬀecting the stability of the
memory window. The interplay between the nominal readout
characteristics and reliability causes variability in overall performance of HfO2-based memory devices, including the temporal evolution of ferroelectric properties. The main reasons of
this variability during the memory cell operation are: (i) structural polymorphism and the electric-field induced phase transitions, (ii) defects and their evolution. Below, we first consider
the role of these eﬀects in a thin-film ferroelectric capacitor,
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serving as the core element of FeRAM, and then discuss the
concepts of an FeFET and a ferroelectric tunnel junction (FTJ),
where additional contributions should be taken into account
while considering the issues of reliability, endurance, and
retention.
IV.1. Ferroelectric RAM
HfO2-based ferroelectric capacitors suﬀer from the wake-up
eﬀect and limited endurance. For HfO2-based ferroelectric
capacitors in the pristine state, the P–V curves are usually
pinched or imprinted,168,177 which is caused by two opposite
or one unidirectional internal bias fields across HfO2. Also, the
remanent polarization does not reach maximal values. Upon a
few thousands of switching cycles, however, the P–V curve
becomes depinched and the remanent polarization increases
and reaches its maximal value (Fig. 23a). In the field of ferroelectric HfO2, this process is coined “wake-up”, unlike fundamental studies or piezoelectrics applications of perovskite ferroelectrics where it is known as “hysteresis relaxation” or
“training process”, respectively (section II.1).
While the wake-up and fatigue have opposite trends in
terms of polarization values and the memory window as a
function of switching operations, the coercive voltages usually
do not change upon the fatigue and remain close to those of
trained capacitor (Fig. 23b). Such behavior hints that the two
eﬀects are of diﬀerent origin.
An important reliability issue related to the stability of the
memory window is the degradation of the readout charge
during long-term information storage. The readout charge
stored in a ferroelectric capacitor can eventually decrease, thus
resulting in the retention loss. This phenomenon is caused by
either the involuntary direct depolarization or a change of the
coercive voltage with time due to the appearance of an imprint
of P–V hysteresis. As a result of the imprint, the predefined
readout voltage can turn out close to the coercive voltage of
the stored capacitor, which causes a decrease of the switched
ferroelectric domain fraction and thus the possible readout
failure.
As discussed in section II.1, while for a monodomain
capacitor, a long-term storage causes an imprint of P–V curves,
the P–V curves of polydomain capacitors are pinched with
time, i.e., they become similar to the curves of fresh capacitors.
During subsequent electrical cycling, the P–V curves recover,
i.e., imprint and pinching disappear. This recovery strongly
resembles the wake-up eﬀect, i.e., fresh ferroelectric HfO2
capacitors become like capacitors after the long-term conditioning. It is highly likely that the wake-up and retention
loss eﬀects are closely related to each other and have common
roots.
Physical mechanisms behind fatigue, breakdown, wake-up
and retention loss have been studied in a number of
papers.169–175 In the next section, we will briefly overview the
results.
IV.1.1 Wake-up and retention loss. Two features are characteristic for the wake-up eﬀect in ferroelectric hafnia – the evolution of the coercive voltage and the increase of the remanent
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Fig. 23 (a) Evolution of the ferroelectric remanent polarization during bipolar cycling (4 V at 10 kHz) measured on Sr:HfO2-based ferroelectric
capacitors. The diﬀerence between positive and negative remanent polarization deﬁnes the memory window. (b) Current–voltage characteristics for
three indicated regions. Reproduced from ref. 177 with permission of Wiley, copyright 2016.

polarization. At the same time, the recovery of artificially aged
capacitors is mainly accompanied by the evolution of coercive
voltages, whereas the saturated polarization is quite stable. To
understand the origin of this diﬀerence, we will first distillate
the information about coercive voltages and then analyze the
behavior of remanent polarization.
As mentioned above, the wake-up of unintentionally aged
fresh capacitors and the recovery of time- or thermally-conditioned capacitors are accompanied with the depinching of
P–V hysteresis or the disappearance of imprint. The initial
deformation of the P–V hysteresis is the manifestation of the
internal bias electric fields built up in HfO2 during ferroelectric aging. In classical ferroelectrics, the internal bias fields
can originate from either charged defects,176–178 dipolar
defects in bulk ferroelectric,179 or non-ferroelectric phase fractions including an interface dead layer180 (section II.1).
Lee et al.179 suggested that the pinching in ferroelectric Si:
HfO2 films is caused by the dipolar defects which consist of
negatively charged doping ions and positively charged oxygen
vacancies. The buildup of the internal field is governed by the
thermally activated diﬀusive jumping of oxygen vacancies
around doping ions. In the polydomain state of a ferroelectric
HfO2 capacitor, there are two preferable orientations of dipolar
defects defined by the polarization vector (up or down)
forming two populations of the observable opposite internal
bias fields. Lee et al. attributed the wake-up eﬀect of the Sidoped HfO2 thin film to the decreased dipolar defect density.
A nucleation limited switching model with the Lorentzian distribution of a logarithmic switching time explained the initial
first two decades of ferroelectric polarization switching. The
wake-up eﬀect induced by the electric bias cycling resulted in
the delay of the switching time. For example, the Lorentzian
peak position in the switching time distribution for the electric field ∼3 MV cm−1 was at 350 ns and increased by 5% due
to cycling. This result contradicts the results on the switching
kinetics of Hf0.5Zr0.5O2 films obtained by Hyun et al.181 who
reported significantly faster polarization switching and its
acceleration upon the electrical cycling. Monte Carlo simulations, taking into account interactions between ferroelectric
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dipoles and non-switchable randomly oriented dipolar defects,
revealed that the delay of the characteristic switching time is
associated with a reduction of defects. The authors noted that
the defect density (4, 16, and 36%) used in the simulation does
not represent the exact defect density in the actual film.
However, the tendency of the ferroelectricity to change by adjusting the defect ratio is expected to be meaningful. It should be
noted that the actual defect density in ferroelectric HfO2, which
can be responsible for such large virtual internal bias fields as
∼1 MV cm−1, should be indeed two orders of magnitude larger
than in conventional ferroelectrics, and can turn out to be nonfeasible physically. At least, the material with such a high
density of defects would have poor dielectric properties.
Potentially, the charges of dipolar defects as well as bulk
point defects can participate in the pinning of ferroelectric
domains upon polarization reversal. The decrease of defect
density should lead to the lower leakage currents, which has
never been reported for the wake-up process, and to the eventual domain depinning, which is in line with the increase of
remanent polarization upon the electrical cycling. However,
the virtual electric field cannot cause anomalous polarization
switching. Nevertheless, switching of the polarization vector in
the direction opposite to the expected one was observed in
fresh Hf0.5Zr0.5O2-based capacitors182 thus indicating the presence of physical electric fields.
The physical electric field capable to reverse polarization
can originate from the charges distributed along electrode
interfaces. The contribution of charges and the evolution of
their spatial distribution during electric cycling can be related
to charge trapping-detrapping, migration of the mobile
charges, or an interplay of these phenomena. As discussed in
section II.2, oxygen vacancies are most common defects in
HfO2-based devices due to redox reactions with the electrode
material. For ferroelectric HfO2, generation of the oxygen
vacancies at the TiN/Hf0.5Zr0.5O2 interface was confirmed by
synchrotron XPS, which revealed a higher fraction of nonlattice oxygen for post-metallization-annealed structures compared to the otherwise identical post-deposition-annealed
structures.183 Similarly, generation of O vacancies was con-
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cluded from the presence TiO2/TiON interlayer identified by
HAXPES and energy dispersive X-ray analysis at the top TiN/
Hf0.5Zr0.5O2 interface.87,147 As follows from section II.2, a
noble metal top electrode may also facilitate the formation of
oxygen vacancies at the interface with underlying HfO2 film.
Next, we consider the possible contribution of trapping–
detrapping eﬀects. Initially, oxygen vacancies are positively
charged at the relaxed state, and they can get neutralized by
the electrons trapped during the voltage pulse (Fig. 24).182 If
the energy level of the ( positively) charged traps in Hf0.5Zr0.5O2
lies above the Fermi level of a metal electrode, the carrier trapping and charge neutralization occurs at the interface upon
biasing (once the energy levels of defects become below the
Fermi level). Another interface remains charged. This interface
is neutralized following the voltage pulse of opposite polarity.
At that time, the carriers are emitted from traps at the first
interface, and it gets charged again. Such asymmetry of
charges at the two interfaces can cause polarization (back-)
switching by internal electric fields. Alternatively, the appearance of such charge asymmetry can be also described in terms
of charge injection. Indeed, if the energy level of the neutral
traps in Hf0.5Zr0.5O2 is above the Fermi level of electrode(s),
the carrier injection occurs at the interface upon application
of the voltage pulse. As a result, the defects are charging until
the captured carriers are not emitted to the electrodes. This
temporal asymmetry of charges at the two interfaces can also
cause polarization switching by internal electric fields.
The asymmetry in charging of the interface persists for the
traps with energy levels below the Fermi level, because the con-
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ditions of either trapping or injection (height and width of
potential barrier) are asymmetric for the interfaces. Therefore,
in this case the polarization switching by internal electric
fields should also be expected.
Whatever the origin of alternating charging of interfaces
during the bipolar electric cycling, if the traps are distributed
non-homogeneously along interfaces, the charges cause the
local internal bias fields, which lead to the local enhancement
or suppression of the applied electric field. As a result, two
populations of domains with opposite electric fields exist in
unintentionally or intentionally aged capacitors. Such electric
fields manifest themselves in pinching of P–V hysteresis.
In this paradigm, the depinching of P–V hysteresis during
the wake-up occurs due to the reduction of charge density at
the interfaces. Since (i) the value of the leakage current persists and (ii) the pinching returns during subsequent aging,
one can conclude that the total number of defects is constant,
but by means of electrical cycling the charged defects migrate
to the bulk. Regarding the ability of oxygen vacancies to
migrate, diﬀerent results were reported.
The activation energy Ea for the oxygen vacancy movement
was obtained by diﬀerent techniques, in particular, by the
thermally stimulated depolarization current measurements for
Hf0.5Zr0.5O2,122 in situ TEM for non-ferroelectric HfO2 123 and
theoretical calculations for ZrO2.184 The values of Ea were
found to be ∼1.2 and 0.7 eV for singly and doubly charged
oxygen vacancies, respectively. As for the wake-up eﬀect at
standard conditions, Fengler et al.122 reported a negligible
diﬀusion of oxygen vacancies in the pristine Hf0.5Zr0.5O2 film.

Fig. 24 The sketch of possible mechanism of the internal bias ﬁeld build-up in Hf0.5Zr0.5O2 (HZO)-based capacitors: (a) band diagram of non-ferroelectric MIM structure; (b) band diagram of ferroelectric capacitors during the application of positive and negative electric pulses upon electrical
cycling; (c) band diagrams for P↑ and P↓ some time after the polarization switching; open circuit; (d) band diagrams for P↑ and P↓ right after the
polarization switching, open circuit. W electrode is grounded. TiN electrode has the ﬂoating potential in c and d, and it is connected to the power
supply in b. Reproduced from ref. 132 with permission of Elsevier, copyright 2021.
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The diﬀusion of charged vacancies increased at elevated temperature. The authors concluded that electron or hole contributions are more likely a cause for the wake-up eﬀect in hafnia
zirconia. Starschich et al.185 noted that the wake-up is a function of integrated time of pulses. In other words, the saturated
polarization depended on the velocity of the voltage sweep
during the wake-up, which strongly indicated the mobility of
defect states. Using the Mott–Gurney equation, the authors
estimated the velocity of the oxygen vacancies of 1.3 × 10−5 m
s−1 and a migration distance of 6.5 nm during each cycle at
room temperature. Chouprik et al.182 also observed the significant frequency dependence of the saturated polarization,
however, at lower frequencies, which could indicate the slower
charge drift. In addition, the authors demonstrated time stability of domain structures after each wake-up cycle, which indicated that in the absence of the external field the energy of
repulsive interaction of the charges was insuﬃcient to overcome the migration energy barrier. Therefore, the charges did
not spread along the interfaces by themselves, but could redistribute horizontally only due to the drift from their locations
caused by the applied external field. The electric field cycling
facilitated repetitive motion of the low-mobile oxygen
vacancies toward the interfaces and, therefore, gave them
some freedom to spread. As a result of the cycling, the local
density of the vacancies was reduced during the wake-up
giving rise to the reduced internal bias field and the P–V hysteresis depinching.
The interface dead layer aﬀects the ferroelectric–HfO2based capacitors reliability issues in various ways. First, as
mentioned in section II.1, it serves as a series capacitor and
thus forms a parasitic voltage divider for ac testing voltage. As
a result, it suppresses the wake-up eﬀect in the part of
domains and thus decreases the ferroelectric switching
response of the capacitor. Second, a dielectric layer placed
between the ferroelectric thin film and the electrode results in
an incomplete screening of the polarization charges by the
charges in the electrodes. The space separation between the
bound polarization charges and the electrode charges leads to
a strong depolarization field, which is suﬃcient to explain the
P–V curve pinching assuming that the film obeys a first-order
phase transition.171 Furthermore, the electric field across the
dielectric dead layer can induce charge injection into the layer
and subsequent charging of the interface.186 In other words,
the interface dead layer is an alternative way to describe the
interface charging and thus the internal bias fields and pinching of P–V hysteresis of ferroelectric HfO2-based capacitors.
The migration of oxygen vacancies can cause phase transformation of a fraction of the functional layer. This transformation from a para- to ferro-electric phase can occur in certain
grains or at the interfaces. Such structural changes have been
found in a combined STEM and impedance spectroscopy
study.177 Gd-Doped HfO2 capacitors were subjected to a
diﬀerent number of electrical cycles representing the pristine
state, the stable cycled state, and the fatigued state (Fig. 21).
Impedance spectroscopy allowed a global assessment of the
capacitor and the STEM measurements provided a site-specific
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analysis of the atomic structure. The authors concluded that a
decreasing number of defects counteracted the interface thickness reduction. The defect-rich and non-uniform interfacial
regions were proposed to be at the origin of the internal bias
fields found in the pristine state. In the bulk, portions of the
monoclinic phase were found in the pristine state. For the
woken-up and fatigued cases, the monoclinic fractions
decreased and the orthorhombic phase fractions increased significantly, which gave rise to the conclusion that a field
cycling-induced phase transition took place. It should be
noted that STEM suﬀers from low sampling statistics, whereas
the impedance spectroscopy describes macroscopic properties,
but suﬀers from large variability of model parameters.
However, the combination of these techniques turned out to
be capable of providing valuable results.
In summary, diﬀerent hypotheses on pinching of P–V
curves and hysteresis relaxation upon electrical cycling of ferroelectric ceramics and films are now considered for the explanation of the built-up internal bias fields and their eventual
decrease during the wake-up of HfO2. Since ferroelectricity has
been shown to persist only in thin (∼2–30 nm) HfO2 films, it is
expected that the interface eﬀects mainly contribute to the
internal bias field. This is in contrast to the thick perovskite
films, where the interface contribution is definitely small
when considering the eﬀect of hysteresis relaxation. The latter
fact means that bulk eﬀects can also contribute to the internal
bias fields.
Besides the process of suppression of internal bias through
the electrical cycling, there is an opposite process of buildingin of these biases. Despite the common origin of these processes, they have diﬀerent time constants. This is due to
diﬀerent electrical stimuli: while there is a large external electric field in the case of hysteresis relaxation, the appearance of
internal fields is governed by a small field of the remanent
polarization charges. The build-up of internal bias fields is
one of the dominant reasons for the retention loss in HfO2based capacitors.
The retention of polycrystalline ferroelectric HfO2-based
memory devices was examined already in 2013.187,188 The
aging of both monodomain and polydomain capacitors was
artificially induced by the thermal conditioning at T = 125 °C,
i.e., performing a conventional retention test. For a monodomain state, it was shown that the readout charge is suﬃciently
stable despite significant (∼1 MV cm−1) imprint. In contrast,
at the reduced write and readout voltage provided by unsaturated P–V loops ( polydomain state of ferroelectric film) a significant retention loss was revealed. However, such sub-switching is a widely known way to demonstrate an improved
endurance.169,187,188
As discussed in section II.1, the retention loss can be
caused either by involuntary depolarization upon time/temperature conditioning or due to the imprint of P–V hysteresis.
Using the retention model based on nucleation-limited switching kinetics, Gong et al.189 predicted the polarization loss of
20% after the storage of Al-doped HfO2 capacitor at 85 °C
during 10 years. However, careful inspection of the experi-
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mental data gives the polarization loss rather ∼50%. Moreover,
the experimental data are not ideally described by the classical
nucleation limited switching model,189 and thus additional
studies are required.
Chouprik et al.132 also reported that the contribution of
involuntary depolarization to the retention loss in a
Hf0.5Zr0.5O2-based capacitor is minor. The authors concluded
that the polarization loss is mostly attributed to the imprint.
They considered diﬀerent possible origins of built-in electric
fields and found that none of them is exclusive; instead, more
than one physical process contributes. It was found that longterm (>1000 s) retention loss is caused by the charge diﬀusion,
whereas at shorter time the trapping–detrapping eﬀect significantly contributes to the electric field dynamics. It was
observed that the redistribution of charges is defined by the
domain structure settled prior to the beginning of temporal
conditioning. The authors showed that the aging rate of the
ferroelectric capacitor in a polydomain state is higher than in
a monodomain state. This result indicated that domain walls
and polarization charges participated in the retention loss. It
was reasonable because the ratio of the domain wall area to
the area of HZO/electrode interfaces was ∼15%. Thus, one can
expect the substantial contribution of the domain walls or the
gradient of polarization charges across the domain walls. The
diﬀusion of the mobile charges across the domain walls,
similar to that described in section II.1, is probable for the
accelerated aging at the polydomain state. Anyway, this accelerated retention loss is consistent with a poor retention observed
particularly for the polydomain ferroelectric HfO2-based
capacitors compared to the monodomain capacitors.187 The
switching of the capacitor to a polydomain state instead of a
monodomain one is a widely known way to achieve improved
endurance. Therefore, for a ferroelectric HfO2-based memory
device, the retention and the endurance have opposite trends
for a particular stack.
IV.1.2 Fatigue and breakdown. The mean coercive field Ec of
doped HfO2 ferroelectrics was measured to be 1–2 MV cm−1,
which is by an order of magnitude higher as compared to the
perovskite ferroelectric films. Gong et al.189 and Hyun et al.181
demonstrated that the so called activation electric field for
polarization switching is equal to 12.7 and ∼10 MV cm−1,
respectively, in agreement with the theoretical value of Clima
et al. (13.4 MV cm−1).190 The reason for the experimentally
observed coercive fields being much lower than the theoretical
ones is due to the polarization reversal occurring through the
nucleation and growth of domains. Nonetheless, it is worth to
note that the electric field applied to achieve a saturated P–V
curve in HfO2 (∼3 MV cm−1) is close to the electroforming
values used in an alternative, resistive switching memory
concept, where the rupture of chemical bonds in hafnia thin
film gives rise to generation of defects191 and eventually to the
development of a conducting (nano-)filament consisting of
locally accumulated positively charged oxygen vacancies.
During the operation of ferroelectric switching, the magnitude
of electric field is below electroforming voltage; however,
oxygen vacancies are still gradually generated. The generation
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of the defects is caused by bond dissociation due to the repetitive motion of oxygen ions upon ferroelectric polarization
switching.192 The distribution of generated charged defects is
weakly defined by the domain structure, and is thus uniform
over the electrode area. As a result, no changes in the internal
bias fields and coercive voltages occur. Charged defects cause
the pinning of the domain walls and the following decrease in
remanent polarization, which is called ferroelectric fatigue. At
some critical density of defects, the wide filament is forming,
and it cannot be dissociated with an electrical stimulus. This
phenomenon of settling an irreversible low-resistance state is a
hard breakdown. Fatigue and breakdown limit the endurance
of ferroelectric memories.
The electric fields and elevated temperatures not only facilitate the generation and diﬀusion of the charged oxygen
vacancies, but can also aﬀect the charge carrier injection into
the HfO2 layer. Such phenomenon with the activation energy
of as low as 0.075 eV was reported by Huang et al.193 as the
major fatigue mechanism in a Y-doped HfO2 film grown by the
pulsed laser deposition. High leakage currents hint non-stoichiometry of oxide films, and thus the high number of defects
in as-prepared film. The fatigue starts already upon 100–1000
switching cycles, however, the structures can be fully recovered
with 30 min annealing at T = 90 °C. The authors thus exclude
the major contribution of such fatigue mechanism as a
passive layer formation at the electrode/ferroelectric interface
in this material.
Defects-mediated phenomena are not the only mechanisms, which can be responsible for ferroelectric HfO2 fatigue.
Using in situ synchrotron X-ray diﬀractometry, Fields et al.194
demonstrated that the ferroelectric fatigue of the Pt/
Hf0.5Zr0.5O2/Pt system was accompanied by a decrease in the
relative tetragonal/orthorhombic phase fraction and a concomitant increase of the paraelectric monoclinic phase. This
mechanism is not universal for Hf0.5Zr0.5O2 films, because no
structural changes were observed for W/Hf0.5Zr0.5O2/W and
TiN/Hf0.5Zr0.5O2/TiN systems.
IV.1.3 Evolution of remanent polarization. As it was mentioned above, during the first stage of the ferroelectric HfO2
capacitor operation the remanent polarization increases, then
it remains constant for the larger part of its life cycle and
further it gradually decreases (Fig. 23). Two main phenomena
are considered to cause this evolution of the remanent polarization: (1) depinning and pinning of domains due to the generation and redistribution of defects, (2) phase transformation
from non-ferroelectric to ferroelectric phase during the wakeup and back during the fatigue.
The first phenomenon is related to the internal bias fields
and their evolution upon the capacitor operation discussed
above. Regarding the second phenomenon, both theoretical
and experimental results indicate that the local density of the
oxygen vacancies significantly influences the local (de)stabilization of ferroelectric phase and thus the remanent polarization.
As mentioned in section II.2, prior to the discovery of ferroelectric properties in HfO2, Lee et al.102 had shown from firstprinciples calculations that the ionized oxygen vacancies play a
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crucial role in the stabilization of the metastable tetragonal
and cubic phases, which are parent for the ferroelectric orthorhombic phase. Kunneth et al.195 calculated the energy diﬀerence with respect to the monoclinic phase for 6.25 formula
unit percent (f.u. %) oxygen vacancy concentration in HfO2 to
be about 10 meV, which is small in comparison to the change
introduced by substitutional doping. Such oxygen vacancy concentration corresponds to 1022 cm−3, which cannot be
expected for highly stoichiometric ALD-grown films. Since
typical vacancy concentration in HfO2 is in the range of 1018–
1019 cm−3, i.e. less than 1 f.u. %, the results of Kunneth et al.
suggest that a direct influence of oxygen vacancies on the
phase stability of HfO2 is unlikely.
Kunneth et al.195 also calculated the formation energies of
the Si-doped ferroelectric orthorhombic HfO2 associated with
the formation of oxygen vacancies. The results are shown in
Fig. 25 for oxygen-rich (Fig. 25a) and oxygen-poor (Fig. 25b)
conditions. In the oxygen-rich case, the creation of an oxygen
vacancy requires an energy of 10 eV (assuming the Fermi level
at the center of the band gap), and it is therefore unlikely to
find oxygen vacancies right after the deposition process of a
film. On the other hand, in the oxygen-poor case, the necessary energy to create one oxygen vacancy lowers to 2 eV, which
increases the probability of finding oxygen vacancies in HfO2
thin films of a device (e.g., in a capacitor stack) and thus the
stabilization of the ferroelectric phase.
A number of experimental studies indirectly confirm that
unintentional “doping” by oxygen vacancies or by such impurities as nitrogen and carbon allows stabilizing the ferroelectric
phase in hafnium oxide.196–203 These results are consistent
with the theoretically predicted relaxation of the lattice
induced by oxygen vacancies (as described in section II.2).
Meanwhile, the lattice relaxation is one of the inevitable consequences of the doping by such elements as Si, Al, La, etc. substituting for Hf 4+ ions. Therefore, despite that the true role of
doping (intentional or unintentional) in stabilization of the
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ferroelectric phase is still not clear, it is highly likely that
lattice relaxation is one of the driving forces for the formation
of the ferroelectric phase in hafnium oxide.
The participation of oxygen vacancies in (de-)stabilization
of ferroelectricity indicates that their redistribution during the
wake-up and their generation during the fatigue can lead to
the phase transformation from the paraelectric to ferroelectric
phase and vice versa. Such eﬀect is usually called an electric
field-induced phase transformation. It was observed directly by
TEM177,204 and by in situ synchrotron X-ray diﬀraction194 as
well as indirectly by in situ PFM.160,182
In addition, the measurement of the relative dielectric permittivity ε of HfO2 layer during the electrical cycling is a frequently used way to obtain information on the evolution of
phase composition. Indeed, for the orthorhombic Pca21 and
tetragonal P42/nmc HfO2 phases, ε varies in the range of 27–35
and 27–70 depending on the spatial orientation of the grains,
whereas for the non-ferroelectric monoclinic P21/c phase and
the amorphous state ε = 15–20.204 Such data should be considered in conjunction with other evidence of phase transformation because there exist diﬀerent origins of varying
dielectric permittivity.
IV.1.4 Antiferroelectric-like behavior in HfO2-based capacitor: defects vs. structural polymorphism. The interpretation of
the pinched P–V hysteresis during the wake-up is still debated.
The coexistence of the paraelectric monoclinic, antiferroelectric tetragonal, and ferroelectric orthorhombic phases and
phase transitions between them have generated several competing microscopic theories. Pinching of the hysteresis loop
has been found to depend on the composition and dopant
type where antiferroelectric-like behavior was hypothesized to
originate from a reversible field induced tetragonal-to-orthorhombic phase transition or defect-induced internal bias
fields.
Antiferroelectricity or pseudo-antiferroelectricity have been
hypothesized to arise from diﬀerent microscopic mechanisms,

Fig. 25 The formation energy for Si-doped HfO2 with and without a vacancy for the ferroelectric orthorhombic phase. For ﬁgure (a), the atom
chemical potential of oxygen μ0 is calculated from O2 (oxygen-rich) and for (b), it is calculated from TiO2 (oxygen-poor). The atomic chemical
potential of silicon μSi is calculated from diamond silicon. Reproduced from ref. 195 with permission of the American Chemical Society, copyright
2018.
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including a reversible field-induced first-order phase transition,205 sub-lattices with antiparallel dipole arrangements,206
or two opposite internal bias fields. It is diﬃcult to diﬀerentiate between the last two mechanisms, because of the
domains comprising opposite electric fields which can be considered as two sub-lattices. Direct structural analysis of the
relative fraction of antiferroelectric tetragonal/ferroelectric
phases and its evolution during electrical cycling is hampered
due to structural similarity of these phases. Meanwhile, the
observations of the domain structures upon the bipolar switching of fresh Hf0.5Zr0.5O2-based capacitors revealed that the
pinched P–V hysteresis is accompanied by the pinning of two
types of ferroelectric domains diﬀerent for the voltage of opposite polarity.182 Depinching was accompanied by a decrease of
the pinned domain area, and any increase in the magnitude of
piezoresponse was not observed beginning from the second
switching pulse. These results suggested that the built-in
fields dominantly contributed to the antiferroelectric-like P–V
curve and its evolution during the first stage of electrical
cycling, whereas indications of a non-ferroelectric to ferroelectric phase transition were not found. Presumably, the phase
transition occurs during the very first cycle, because a significant increase in the piezoresponse magnitude was observed
after it. This result is however indirect; meanwhile, the macroscopic direct analysis by means of in situ X-ray diﬀraction is
still lacking.
Observation of the domain structure with stable antiferroelectric-like P–V curve, especially in on-field configuration,
would help resolve the origin of antiferroelectricity of HfO2
thin films.
IV.2. Ferroelectric tunnel junction (FTJ)
An FTJ207,208 concept employs a ferroelectric barrier, which is
thin enough to allow direct electron tunneling between two
electrodes with diﬀerent work functions and screening
lengths. The polarization reversal in the ferroelectric barrier
alters the electron tunneling probability due to changes in an
asymmetric potential profile. The key property of an FTJ is a
tunnel electroresistance (TER) eﬀect, which is quantified in
terms of the resistance ratio of OFF and ON states, i.e. ROFF/
RON. The TER eﬀect allows using an FTJ as a non-volatile
memory element. First FTJ implementations have been
demonstrated using thin films of perovskite oxides
BaTiO3 209,210 or Pb(Zr0.2Ti0.8)O3.211 Unfortunately, the integration of the perovskite materials in modern silicon technology encounters many problems, notably thermal instability,
which at least requires additional interlayers. The discovery of
ferroelectric properties in HfO2 thin films made the commercial implementation of a HfO2-based FTJ memory more realistic. To date, a number of demonstrations of HfO2-based FTJs
and memristors have been reported,4–8,212 however, the influence of defects on the FTJ performance is still not well
understood.
IV.2.1. Minimal thickness of HfO2 film and impact of charge
trapping on the measured switchable polarization. The linear
dependence of switchable polarization on the film thickness
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was reported for polycrystalline ferroelectric Y-doped HfO2
films in the range 8.4–4.1 nm by Tian et al.213 For five thickness values in this range, Ps linearly varied from 33 to 3 μC
cm−2. For lower thickness of 3.0 nm, Ps persisted equal to 3 μC
cm−2, which could also be due to a trapped charge. To prove
that this charge was of ferroelectric nature, the authors
measured the flowing charge using positive-up negative-downlike (PUND-like) technique (Fig. 26a). They compared the transient currents for Y-doped HfO2 and paraelectric Y2O3 capacitors (Fig. 26b) and concluded that the diﬀerence between the
first recorded current peak (P = IP+C) and the second one (U =
IC) was observed only for the HfO2 capacitor indicating ferroelectric polarization switching. The transient currents were significantly lower for the Y2O3 capacitor, suggesting that this
film had other dielectric properties including trapped charges
and their contribution to the measured switchable polarization. Thus, while PUND measurements provide an important
information about polarization switching, a contribution from
trapped charges is not excluded in this method, and only saturated P–V hysteresis can unambiguously prove the ferroelectric
properties of thin film. Worth to note that the decrease in
switchable polarization as a function of Y:HfO2 film thickness
was accompanied by the increase of the relative fraction of
non-ferroelectric monoclinic phase, as found by additional
grazing incidence (GI-)XRD analysis.
For polycrystalline alloyed Hf0.5Zr0.5O2 films, until recently, it
was believed that at the nanometer scale the thinner the film
the lower the remanent polarization value and, moreover, there
is a minimal thickness below which ferroelectric properties do
not exist. In particular, only the miniscule switchable polarization Ps of 1 μC cm−2 was reported for 2.5 nm-thick Hf0.5Zr0.5O2
films grown on Si,144 whereas much higher value Ps ∼ 30 μC
cm−2 was achieved for 4 nm thick Hf0.5Zr0.5O2 films in a similar
heterostructure.214 It should be noted however that the small
polarization ∼1 μC cm−2 can be easily confused with the charge
captured by defect traps215 resulting from the applied voltage
pulses. Such measured charge can be considered as ferroelectric
only if either saturated P–V hysteresis216 or typical ferroelectric
C–V curves are demonstrated, which is challenging due to high
current density for ultrathin films.
In contrast to polycrystalline doped HfO2 films, predominantly (111)-oriented epitaxial Hf0.5Zr0.5O2 films, which are
under compressive strain upon the growth on (001)-oriented
La0.7Sr0.3MnO3/SrTiO3 substrates, reveal robust ferroelectricity
and much larger remanent polarization up to P = 34 μC cm−2
for the films ∼5 nm in thickness as compared to 9 nm-thick
films, as was shown by Wei et al.217 The authors attributed ferroelectric properties to the non-centrosymmetric rhombohedral phase, which is stabilized by strain and nanoparticle
pressure in ultrathin films, and gradually relax to (001)oriented grains and/or monoclinic phase at larger thicknesses
(Fig. 27a). Consistent results were obtained by Lyu et al.,218
who systematically investigated the eﬀect of epitaxial orthorhombic Hf0.5Zr0.5O2 film thickness on the polarization values.
They clearly demonstrated that thinner and presumably more
strained films exhibit larger P values (Fig. 27b).
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Fig. 26 (a) PUND measurement diagram, where IP+C is the polarization switching current plus the capacitor charging current, IC is the capacitor
charging current, IDC is the capacitor discharge current, and IL is the leakage current. (b) PUND measurement result from a 3 nm-thick Y-doped
HfO2 capacitor. Results from an ultrathin (∼4 nm) paraelectric Y2O3 capacitor are shown for comparison in the inset. Reproduced from ref. 213 with
permission of the American Institute of Physics, copyright 2018.

Fig. 27 (a) Computed polarization of a rhombohedral phase of Hf0.5Zr0.5O2 as a function of out-of-plane d111 spacing modulated by epitaxial strain;
(b) remnant polarization plotted as a function of Hf0.5Zr0.5O2 ﬁlm thickness epitaxially integrated with Si. Reproduced from ref. 217 with permission
of the Nature Publishing Group, copyright 2018 (a), from ref. 218 with permission of the Royal Chemical Society, copyright 2020 (b).

Recently, enhanced ferroelectric properties have been
reported in “highly oriented” Hf0.5Zr0.5O2 films as thin as
1 nm grown on the oxidized Si.219 The authors demonstrated
that, unlike epitaxial perovskite ferroelectrics, ferroelectric
Hf0.5Zr0.5O2 exhibits not only vanishing critical thickness but
also rather enhanced polar distortions as film thickness is
reduced. This approach to enhancing ferroelectricity in ultrathin layers could provide a route towards advanced ferroelectric memories. Indeed, a “CMOS-compatible” FTJ employing a
1 nm thick Hf0.5Zr0.5O2 barrier and a highly-doped Si bottom
electrode has already demonstrated 19 000% polarizationdriven tunneling electroresistance eﬀect combined with a
large (>1 A cm−2) current at a low read voltage.220
IV.2.2. Impact of defect-mediated current transport and
phase polymorphysm on tunnel electroresistance eﬀect. DFT
calculations revealed that the stable paraelectric monoclinic
phase of HfO2 had a smaller band gap, and the conductionband oﬀset was lower with respect to the Fermi level as compared to the ferroelectric orthorhombic phase.8 These calcu-

11662 | Nanoscale, 2021, 13, 11635–11678

lations indicated that the monoclinic phase should provide a
higher tunneling rate and subsequently the current across
monoclinic grains (if they exist) can prevail in current transport across an ultrathin Hf0.5Zr0.5O2 film.
Another parasitic contribution is defect-mediated current
transport along grain boundaries as it was reported for nonferroelectric HfO2 thin films.221 Such current cannot be eﬀectively driven by polarization, and its contribution to the total
current transport would suppress the TER eﬀect.
The minimization of parasitic current contribution can be
achieved using ultrathin paraelectric interlayer, which was
employed by Fujii et al.222 in the first implementation of an
HfO2-based FTJ. Another way to implement FTJ with polycrystalline and polymorphic HfO2 film is by using a semiconductor electrode.144,223 The polarization reversal in ferroelectric Hf0.5Zr0.5O2 grains results in the distribution of screening charges thus aﬀecting the space charge region at the
bottom interface with the semiconducting Si electrode. Since
the ferroelectric grains are separated by either monoclinic
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grains of some tens of nm only or sub-nanometer size grain
boundaries, the electric field of polarization charges also
aﬀects the potential distribution across the adjacent area
below these parasitic regions and thus their tunneling probability. Therefore, electroresistance modulation in polycrystalline HfO2 can be achieved through the modulation of the
potential energy barrier shape across the defect-rich grain
boundaries and paraelectric grains by switching the polarization in the adjacent ferroelectric phase grains.
Alternatively, in heteroepitaxial Hf0.5Zr0.5O2/La0.7Sr0.3MnO3
based tunnel junctions, charged oxygen vacancies drifting across
the interface upon the external electrical stimuli may produce a
magneto-ionic eﬀect which eventually results in the large tunneling electroresistance and strong magneto-electric coupling.224
These results show that ferroelectric polarization switching of
the tunnel barrier may be not the main contribution to the
observed resistance switching phenomena in the FTJs.
IV.2.3. Aggravation of antiferroelectric-like behavior with
thickness decrease. Another non-ferroelectric phase typical for
thin HfO2 films is the antiferroelectric tetragonal phase, whose
grains alongside with the grain boundaries and monoclinic
grains also contribute to the parasitic current. Park et al.225
investigated 5.5, 6.5 and 7.9 nm thick Hf0.5Zr0.5O2 films and,
in contrast to Tian et al.,213 upon GI-XRD analysis did not find
the diﬀraction peaks from the monoclinic phase. Based on the
diﬀraction peak analysis, the authors concluded that the
thicker film tends to show more of the orthorhombic phase,
while the thinner film shows more of the tetragonal phase
fraction. This assumption is in accordance with the P–E hysteresis curve shape, which becomes more antiferroelectric-like
with decreasing film thickness (Fig. 28a). As we discussed in
section IV.1, antiferroelectric-like behavior can also be related
to the larger contribution of the opposite internal bias electric
fields provided by two population of domains. The aggravation
of internal bias fields with the deceasing thickness agrees with

Review
the increase of electric field in a flat capacitor with the
decreasing distance between capacitor plates.
As a result of this aggravation, the wake-up process requires
a larger number of switching cycles to reach stable switchable
polarization, because the defect related internal bias fields
have a longer eﬀect in ultrathin HfO2 films. The measured
polarization value increases following the increase of the fraction of switched domains. In an FTJ, this eﬀect is
accompanied by the gradual increase of the TER eﬀect due to
more eﬀective modulation of the electric current across the ferroelectric HfO2 layer (Fig. 28b).8
IV.2.4. Specific eﬀect of charged defects on the tunneling
electroresistance eﬀect. The coercive electric field of ferroelectric HfO2 is relatively high compared to the perovskite
materials, and thus it can cause the migration of non-ferroelectric charges in HfO2, particularly, charged oxygen
vacancies. In addition to the filamentary resistive switching
discussed in section II.2, there exist other oxygen vacancy
driven resistive switching eﬀects. Among them is the modulation of the non-ferroelectric space charge in the tunnel
barrier due to the accumulation or depletion of positively
charged oxygen vacancies in the tunnel transparent oxide,226
which can cause changes of the tunnel barrier shape (Fig. 29a)
aﬀecting the TER eﬀect. For example, Mikheev et al.227 demonstrated two separate resistive switching regimes, depending on
the applied voltage, in the same memristor device p+-Si/
Hf0.5Zr0.5O2 (4.5 nm)/TiN. The first regime originated from the
polarization reversal, whereas the second one was attributed to
the accumulation/depletion of oxygen vacancies at the electrode interface (Fig. 29b). The authors demonstrated that the
oxygen-driven modulation of the tunnel barrier caused the
enhancement of the TER ratio by ∼20 times compared to the
pure polarization reversal eﬀect.
To diﬀerentiate between ferroelectric and oxygen vacancy
driven resistive switching mechanisms, the authors suggested

Fig. 28 (a) Polarization–electric ﬁeld hysteretic curves of 5.5, 6.5, and 7.9 nm-thick Hf0.5Zr0.5O2 ﬁlms in pristine state. (b) Switchable polarization
(coral line) and ROFF/RON ratio (cyan line) as a function of the number of switching cycles for Hf0.5Zr0.5O2 (4.0 nm)-based MFIS structure.
Reproduced from ref. 225 with permission of the American Institute of Physics, copyright 2015 (a), from ref. 8 with permission of the American
Chemical Society, copyright 2019 (b).
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Fig. 29 (a) Simulated evolution of oxygen vacancy proﬁle with time in dual-dielectric layer memory element upon the voltage applying. (b) The
sketch of oxygen vacancies distribution (red circles) in ferroelectric (FE) OFF and ON states, as well as in non-ferroelectric (non-FE) ON state.227 (c)
ROFF/RON ratio dependence on temperature for ferroelectric switching (orange) and non-ferroelectric switching (blue) with corresponding barrier
height change (sienna). Reproduced from ref. 226 with permission of the Institute of Electrical and Electronics Engineers, copyright 2008 (a), from
ref. 227 with permission of IOP Publishing, copyright 2020 (b and c).

using the properties of oxygen vacancies such as the temperature dependent mobility and phonon-assisted detrapping rate
(as described in sections II.2 and III). Indeed, one may face
diﬃculties to derive a P–V curve for leaky ultrathin films,
whereas it is usually possible to analyze the temperature
dependence of the ROFF/RON ratio. The TER change attributed
to ferroelectric properties of the Hf0.5Zr0.5O2 layer does not
depend on temperature, whereas the resistive switching
induced by the oxygen vacancies migration or charge detrapping exhibited strong temperature dependence of ROFF/RON
ratio (Fig. 29c).
Comparing the impact of the defects in perovskite ferroelectrics versus HfO2 on the FTJ performance, we can conclude
that the only eﬀect documented for both types of FTJs is that
of the ionic migration on TER. HfO2-based FTJs exhibit a significant parasitic contribution of the defect-mediated transport along the grain boundaries and non-ferroelectric phases.
The TER eﬀect gradually increases as a result of the disappearance of defect-related internal bias fields and the
decrease of non-ferroelectric phases during repetitive switching cycles.
IV.3. Ferroelectric field-eﬀect transistor (FeFET)
A FeFET comprises a ferroelectric layer as a gate dielectric of a
standard MOSFET, where the basic stack is a metal–ferroelectric–insulator (buﬀer)–semiconductor (MFIS) structure. A
binary information is stored in the direction of ferroelectric
polarization (up or down), which direction either assists the
formation of an inversion layer in the semiconductor channel
or deplete it, resulting in opposite shifts of the threshold
voltage (Vth) of the FeFET.228–230 While in metal–ferroelectric–
metal capacitors the reliability performance is mainly concerned with defects and structural phase change eﬀects, in a
FeFET additional degradation mechanisms are related to the
trap generation and charge trapping at the ferroelectric/semiconductor interface, and potentially electron–hole recombination and hot carrier eﬀects can occur.244,245,248,249 In fact,
similar to the degradation of high-κ MOSFETs, the most problematic part of a FeFET is not a ferroelectric layer itself, but
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rather an insulating interlayer and semiconductor–insulator
interface in a MFIS structure.244,245,248,249 These issues aﬀect
both the retention time and endurance. As was discussed
above, in ferroelectric capacitors the performance in terms of
retention and endurance tends to be opposite. In FeFETs, such
opposite relation becomes even more important. To date, the
FeFETs were demonstrated to exhibit either good retention or
endurance, whereas complementary performance characteristics were poor. The range of characteristics was shown to be
quite broad varying from some second/hour retention time
and endurance up to 1012 cycles231,232 to a 10-year retention
time and endurance down to ∼103–104 cycles.233–240 So far, the
optimal ratio between retention (10 years at 85 °C) and endurance (107 cycles) was demonstrated by Chatterjee et al.241
The short memory retention time was attributed to two
major reasons: (1) the depolarization field and (2) the charge
trapping/gate leakage current (given the absence of a mobile
ionic charge).242 The first reason is associated with an incomplete compensation of the polarization charge in a semiconductor electrode. The second reason is concerned with the
electron injection from both the gate electrode and the semiconductor side to the ferroelectric layer due to the electric
field of ferroelectric charges. This electron injection is followed by their trapping in the gate dielectric stack, leading to
the local charge compensation and gradually diminished
eﬀect of polarization. The depolarization field is responsible
for the fast decay component, whereas the charge trapping is
the main cause for the retention loss in the longer time range.
It was expected that, in contrast to classical ferroelectrics,
HfO2-based FeFETs would exhibit reliable retention properties
(in 10-year extrapolation), due to both fundamental reasons
and the possibility of gate stack engineering. A large band
oﬀset of HfO2 with respect to silicon leads to the lower electron
injection compared to perovskites. High coercive field Ec and a
moderate dielectric constant of the HfO2 (compared to perovskites) lead to a lower depolarization field due to incomplete
charge compensation.243 Indeed, the depolarization field Edep
depends on the remanent polarization P, dielectric constant of
the ferroelectric layer εF, and the ratio between the capacitance
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of the ferroelectric layer (CF) and the series capacitance of the
buﬀer interlayer CIL on silicon substrate (CS):


1
1 CIL CS
þ1
Edep ¼ P εF ε0
CF CIL þ CS
If Edep is significantly larger than the coercive field, then
Edep will induce a non-negligible retention loss. On the other
hand, if Edep is comparable to or smaller than Ec, then a very
little polarization charge will flip. Therefore, it is the ratio Edep/
Ec, rather than Edep itself, that defines the rate of the earlystage polarization decay. A much higher coercive field of HfO2
compared to its PZT and SrBi2Ta2O9 (SBT) counterparts makes
Edep/Ec in a HfO2-based FeFET much smaller, and helps to
prevent fast decay of the polarization associated with the
depolarization field eﬀect (Fig. 30).

Fig. 30 The ratio of depolarization ﬁeld (Edep) over coercive ﬁeld (Ec) in
three diﬀerent cases: (1) FE-HfO2 + 1.2 nm SiO2 buﬀer layer (black), (2)
SBT + 1.2 nm SiO2 (red), and (3) PZT + 1.2 nm SiO2 (blue). Edep/Ec in PZT
and SBT FeFETs are much larger than FE-HfO2 counterparts, resulting in
observable fast decay of retention. Reduced dF induces decrease of
memory window of PZT and SBT FeFETs. In addition, even if we take a
hypothetical case that PZT and SBT are able to be scaled down as thin
as FE-HfO2 (10 nm) in a FeFET, simulation shows signiﬁcant increase of
Edep/Ec ratio that makes PZT and SBT FeFETs not suitable for NVM applications. Reproduced from ref. 242 with permission of the Institute of
Electrical and Electronics Engineers, copyright 2002.

It should be noted that the depolarization field can be
caused not only by the incomplete charge compensation.
Another origin of the electric field in a HfO2-based layer,
which can cause the depolarization, is well known in conventional high-κ/metal gate FETs. In MOSFETs, the shift of a
threshold voltage was attributed to the electric field of the
charged interface traps at an oxide/semiconductor interface
(section II.2). For a Hf0.5Zr0.5O2 (4 nm)-based MFIS structure,
Mikheev et al.8 reported full depolarization of ferroelectric in
less than 1 s after applying a switching voltage pulse. The flatband voltage (−0.45 V) derived using acquired C–V curves indicated the presence of a donor-type traps at or nearby to the
interface with Si, which are positively charged at the relaxed
state. The traps can be attributed to either interface traps or
oxygen vacancies accumulated near Si interface, which was
theoretically predicted and experimentally demonstrated for
HfO2–Si interface (section II.1). Given the measured flat band
voltage, the simulated band diagrams revealed depletion/inversion state in Si for both up- and downward polarization due to
a built-in electric field of charged traps. The density of the
charged traps corresponding to the simulated band diagrams
was found ∼7 × 1012 cm−2. Noteworthy, the derived trap
density corresponds to the captured charge of ∼1 μC cm−2,
which may look like the charge flowing during the measurement of remanent polarization of the ultrathin HfO2 films of
FTJs and attributed to the ferroelectric charge.214
Toprasertpong et al.244 revealed even a larger trap density
(up to 1 × 1014 cm−2) using a novel approach of processing
quasistatic C–V curves. The authors suggested to split the C–V
curves by disconnection of the gate-channel capacitance Cgc
and the gate-back contact capacitance Cgb (Fig. 31). Indeed, if
the source–drain and back contacts are both connected to the
current/charge measurement terminal, total charges in/out of
the semiconductor can be measured when gate voltage Vg is
applied. On the other hand, if only the source–drain (back)
contact is connected while the other is grounded, the contribution from minority and majority carriers can be separately
evaluated using conventional P–V equipment.
Total gate capacitance Cg–Vg curves exhibited typical polarization peaks and the peak of charging interface traps. By integrating Cg = Cgc + Cgb (Fig. 32), the authors demonstrated that

Fig. 31 Quasi-static split C–V technique using a standard ferroelectric P–V measurement setup. (Left) If source–drain and back contacts are all
connected, the total charge moves in/out of the MOS interface is obtained. (Center – right) By connecting only source–drain or back contact to the
system, total electrons and holes in/out of the semiconductor side can be separately evaluated. Reproduced from ref. 244 with permission of the
Institute of Electrical and Electronics Engineers, copyright 2019.
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Fig. 32 (a) Total gate capacitance Cg, (b) gate-channel capacitance Cgc, and (c) gate-back contact capacitance Cgb of HZO FeFET for a wide gate
voltage Vg range show that polarization switching and the peak of interface traps can be observed. (d) Experimental P–Vg loops of FeFET.
Reproduced from ref. 244 with permission of the Institute of Electrical and Electronics Engineers, copyright 2019.

the polarization–gate voltage (P–Vg) hysteresis loop can be
directly measured in FeFET structures as shown in Fig. 32d, by
employing the measurement setup in Fig. 31, left panel.
Noteworthy that the acquired P–V curve was imprinted, which
was also observed by Mikheev et al.8 in a Hf0.5Zr0.5O2-based
MFIS structure. The imprint was attributed to the built-in field
of the charged defects at the semiconductor interface and
accompanied by fast depolarization of the ferroelectric
Hf0.5Zr0.5O2 layer.
Separate integration of Cgc and Cgb yielded the charge
density of minority and majority carriers, the first of them
found surprisingly high. Using the Hall measurements of the
density of mobile charges in the FeFET revealed that it was
more than one order of magnitude lower than the charge
density measured by splitted C–V curves, implying that a large
portion of minority carriers in the FeFET are trapped and do
not contribute to the channel current.
Therefore, the interface defect traps at the semiconductor–
insulator interface of MFIS are responsible for fast depolarization of the functional ferroelectric layer and subsequent poor
retention in some implementations of HfO2-based FeFETs.
Meanwhile, in advanced HfO2-based MOSFETs the density of
traps down to at least 3 × 1011 cm−2 can be achieved.243 Since
interface defects are found to play a crucial role in the retention properties of FeFETs, the known techniques in the high-κ
technology on reducing trap density need to be re-explored in
the FeFET context.
It is interesting to note that an extremely poor retention of
some HfO2-based MFIS stacks was exploited to suggest new
functionalities. Cheng and Chin231 and Chiu et al.232 introduced the concept of DRAM-like ferroelectric memory,
whereas Mikheev at al.8 demonstrated a ferroelectric secondorder MFIS memristor exhibiting various synaptic functionalities. The defect-rich Si/HfO2 interface provided an internal
temporal mechanism for the resistance change in an FTJ due
to defects-mediated depolarization.
Poor endurance demonstrated in some FeFETs is considered to be related to the insulating interfacial oxide layer
(interlayer). Due to its lower dielectric constant (κ ∼ 4 for SiO2),
most of the gate voltage drop during write operation occurs
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across the interlayer (Fig. 33a and b); this leads to an interlayer
electric field as high as 10–15 MV cm−1.245,246 As was discussed in section IV.1, such a high electric field causes generation and migration of the defects followed by electric breakdown. Improving the reliability will require a gate stack engineering that would improve the interface quality increasing the
voltage drop across the ferroelectric layer while decreasing it
across the interfacial oxide layer. Again, the known techniques
in the high-κ MOSFET technology on reducing the interlayer
thickness via scavenging techniques, increasing the dielectric
constant of the interlayer (Fig. 33c), and passivation of bulk,
interface and grain boundary traps need to be re-explored in
the FeFET context.247 Reducing the write voltage will reduce
the hot carrier related degradation mechanisms in FeFETs as
well.
An alternative strategy to improve endurance is to eliminate
the interlayer interface altogether in a FeFET with a MFIS
structure that contains an intermediate floating metallic gate
with the ferroelectric layer integrated in the back-end-of-line
(BEOL) process. Indeed, the endurance greater than 1010 cycles
has been demonstrated in such FeFET structures.248
Besides the degradation of the memory window with time
(due to defect-mediated depolarization) and cycling (due to
trap generation), the stable degradation could be intrinsic for
HfO2-based FeFETs. Whereas the trap generation causes the
slope degradation of Id–Vg curves and the following obvious
decrease of the memory window (Fig. 34b), the charge trapping
induces a parallel Vth shift (Fig. 34a)246 in positive or negative
direction depending on the sign of the captured/injected
charge (Fig. 35).245 Since the sign of the charge is defined by
the polarization charge adjacent to the interlayer, Id–Vg characteristics shift towards each other after applying either an erase
or program pulse compared to their initial positions. In principle, such shrinking of the memory window depends on the
duration of the pulse and thus can be minimized by the
employment of short pulses. The memory window can be
recovered after detrapping, however, this eﬀect can pose limitations in minimal write-to-read time. The decrease of this
parasitic eﬀect as well as the degradation of an interlayer
during cycling can be achieved by designing an interlayer
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Fig. 33 Band diagrams under ±−6 V, 100 ns erase (ERS)/program (PGM) pulses: (a) positive “ERS” pulse tends to cause charge trapping and generation of border traps in HfO2 near the SiO2 interlayer (IL), and (b) negative “PGM” pulse tends to cause more interface trap generation at the IL/Si
interface. (c) Simulated maximum electric ﬁeld across interlayer EIL as a function of IL composition and thickness. Reproduced from ref. 246 (a and
b) and 245 (c) with permission of the Institute of Electrical and Electronics Engineers, copyright 2018.

Fig. 34 Two contributions to the drop of memory window: (a) charge
trapping induces Vth shift, which could be recovered after detrapping,
and (b) generation of interface/border traps induce slope degradation.
Both mechanisms contribute to degradation of memory window.
Reproduced from ref. 246 with permission of the Institute of Electrical
and Electronics Engineers, copyright 2018.

material and thickness as proposed by Ni et al.245 Much lower
electric field across the interlayer can be achieved while using
La2O3 or non-ferroelectric HfO2 instead of SiO2 (Fig. 33c).245
Since the interface of these films with Si substrate is defectrich (section II.1), possibly an insulating SiO2/high-κ bilayer
can turn out to be optimal for the implementation of FeFET
with good memory window, retention and endurance performances. Another way to improve the reliability is reducing
charge injection using HfO2 with relatively low values of spontaneous polarization.249
Comparing the impact of the defects in HfO2 versus perovskite ferroelectrics on the FeFET performance, we can conclude
that despite a moderate dielectric constant and a high coercive
field of HfO2 the reliability issues are still a challenge for the
implementation of FeFET. The diﬃculties come from charge
generation and trapping at the interlayer–semiconductor interface, caused by the electric field upon switching operation and
ferroelectric charge. The careful engineering of the functional
ferroelectric stack including the defect control is required to find
an optimal balance between diﬀerent FeFET characteristics.

V.

Fig. 35 (a) FeFET operation. (b) Electron/hole trapping within gatestack during erase/program pulse, respectively. (c) Charge trapping
narrows memory window (MW). (d) Vth distribution without (solid line)
and with (dashed line) charge trapping. Charge trapping broadens and
shifts distribution. Reproduced from ref. 245 with permission of the
Institute of Electrical and Electronics Engineers, copyright 2018.
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Summary and perspectives

A ferroelectric capacitor had been reportedly the first
implemented non-volatile memory device around 70 years ago,
and since then for decades remained a competitive concept on
the market. However, due to the scalability issues of perovskite
ferroelectrics and their poor compatibility with the CMOS
technology, further progress in the development of FeRAM
devices has come to an end in the mid-2000s. The discovery of
ferroelectricity in doped HfO2 re-ignited the explosive interest
in ferroelectric memories and logic, particularly owing to the
excellent CMOS-compatibility of this class of materials.
To fully exploit the potential of HfO2, it is important to
realize how the performance of this emerging ferroelectric
material is diﬀerent from that of conventional ferroelectrics.
Below, we summarize the major diﬀerences in the ferroelectric
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properties and the manifestation of defects in hafnium-oxide
and perovskite ferroelectrics articulated in this review.
The coercive electric field to switch polarization direction
in ferroelectric HfO2 is relatively high compared to classical
perovskite materials (∼1 MV cm−1 vs. 10–100 kV cm−1), and it
is close to the electric field employed in oxygen-driven ReRAM
to control nanofilaments formed by oxygen vacancies. Thus, it
can cause the drift of non-ferroelectric charges in ferroelectric
HfO2, such as charged oxygen vacancies. In FeRAM devices,
this eﬀect can limit the reliability, compromising endurance
and fatigue. In FTJs, charge redistribution induced by the
applied electric field can change the tunnel barrier shape altering the electroresistance eﬀect. In addition, resistive switching
due to charge migration can mimic the ferroelectric electroresistance eﬀect.
Migration of non-ferroelectric charges in the absence of the
external electric field (i.e., diﬀusion and drift in the internal
electric field of non-compensated polarization charges) was
studied in detail for perovskites. For hafnia, the interest
emerged only in last few years, when it was found that these
issues could be closely related to the poor retention time in
FeRAM, which is now the main obstacle for its commercialization. Over 70 years of studies of ferroelectric aging in perovskites, several models have been proposed to explain it.
However, to date a unified model of the aging eﬀect is still
lacking. The prospective application of HfO2 in FeRAM gave
rise to the re-evaluation of the developed models. Whereas the
perovskite community mostly adopted the models correlating
the aging eﬀect with the diﬀusion of point charge defects and
re-orientation of dipolar defects, in the field of ferroelectric
HfO2, it is usually considered that the charge trapping by interface traps (or charge injection to interface traps) plays a crucial
role in the aging. The underlying point of this diﬀerence is the
small thickness of functional HfO2 films compared with functional perovskites (∼10 nm vs. 100 nm and thicker). For this
reason, the role of interfaces with electrodes in HfO2 based
devices is larger compared to perovskites, contrary to the bulk
properties which eﬀect is lower in HfO2.
A particularly important property of hafnia interface is a
very large concentration of defect traps. As a result, the
depletion regions were reported to be very narrow, ∼1 nm,
whereas they reach up to ∼100 nm in perovskites. Therefore,
the modulation of electric field across HfO2 film by polarization reversal can be ineﬀective. This eﬀect (in addition to the
ionic migration) can be one of the reasons of a small electroresistance eﬀect in HfO2-based FTJ devices compared to
perovskites.
Another issue hampering the development of HfO2-based
FTJs is the phase polymorphism, because non-ferroelectric
phase was found to have a narrower band gap and thus paraelectric grains serve as parasitic leakage paths.
Regarding the retention loss, a significant progress has
been made over the last years to overcome this challenge for
HfO2. It was shown that the aging accelerates for polydomain
capacitors compared to monodomain capacitors thus causing
higher rate of retention loss, whereas the polydomain capaci-
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tors gain in the endurance performance. Another important
finding distinctive for HfO2 is a negligible contribution of
spontaneous depolarization to the retention loss. The retention loss is fully associated with an imprint, and no depolarization occurs due to the internal field built-in upon the aging.
In FeFETs and semiconductor-based FTJs, the retention
time is even smaller than in FeRAM. Herein, it is limited by
the dynamics of the built-in electric field of the charges
trapped by interface traps at semiconductor–ferroelectric interface. To date, the retention remains similarly small for both
HfO2- and perovskite-based structures. In the past, by careful
engineering of material stack and fabrication process the
density of interface traps at HfO2–Si interface in HfO2 based
logic MOSFETs was reduced to the level that they have become
the main building blocks in modern computer processors.
Therefore, one day this issue can be overcome in HfO2-based
FeFET memory devcies, too.
In addition, we would like to highlight some issues that are
not related to ferroelectric memories directly. For example, the
origin of small piezoelectric coeﬃcient in HfO2 film is still
non-clear. It can be associated with either intrinsic electromechanical response or a defect-related distortion of the applied
electric field inside the film. In the latter case, the piezoelectric
coeﬃcient can appear a frequency-dependent quantity.
Anyway, the using of HfO2 films in piezoelectric applications is
not very attractive as compared to perovskites. Another challenge is the absence of the intrinsic photovoltaic eﬀect in HfO2
films. It is underrepresented in the literature, which can also
be associated with a defect-related distortion of the electric
field.
Finally, one more specific diﬀerence between HfO2 and perovskite films that gives a special instrument for the analysis is
the growth technique. In contrast to perovskites, as deposited
HfO2 films are amorphous, and further thermal annealing is
required for stabilization of the ferroelectric phase. This
feature can be employed by the researchers for the study of the
issues associated only with annealing, i.e. the generation of
the defects due to thermally-activated redox reaction at interfaces, aging eﬀects in ferroelectric and non-ferroelectric hafnia
including the charge migration and evolution of dead layers,
etc. However, such approach requires careful control of the
conditions and parameters of annealing. Separately, herein we
also would like to underline that precise ambient control
during the annealing is an important issue for the comparison
of the results from diﬀerent groups that can be confusing,
because in the university labs without exhaustive air and
humidity control diﬀerent results can be obtained at the nominally same ambient conditions.
Overall, as we have discussed in this review article, the functional properties of HfO2 and the performance of HfO2-based
ferroelectric devices are critically dependent on the presence
of point defects. Therefore, the focus of this review article has
been to overview eﬀects of diﬀerent types of defects on ferroelectric properties of HfO2 and their role in non-volatile
memory devices. We have started with a brief overview of the
established information about the defects in perovskite oxide
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ferroelectrics and their influence on functional characteristics.
We further turned to ferroelectric HfO2 and outlined the relevant data on the generation and evolution of point defects in
HfO2 thin films including eﬀects of doping, annealing, and
layer thickness. This knowledge served as the foundation for
understanding the properties of the functional structures
where ferroelectric HfO2 is placed in contact with diﬀerent
metal or semiconductor electrodes. We further described relevant analytical methods adopted for the studies of ferroelectric
HfO2, including both the classical electric measurement techniques and more advanced techniques based on electron and
scanning probe microscopy and photoemission spectroscopy.
Rather than describing the principles of the technique operation, we provided examples of their use to elucidate the parameters of defects in ferroelectric HfO2 and their eﬀects on the
properties of HfO2-based device structures. In the main part of
this review, we addressed the key functional characteristics of
ferroelectric HfO2 based memory devices, such as wake-up,
retention, fatigue and breakdown, as well as the imprint. All
these properties are aﬀected by defects in the ferroelectric
layer, and we discussed their role based on the available literature. Several devices concepts were considered, such as
FeRAM, FTJ, and FeFET, and the eﬀect of defects on the performance of each of them was analyzed.
Although it is currently widely accepted that the defects in
the bulk of ferroelectric–HfO2 as well as at interfaces play a
crucial role in the performance of the prospective non-volatile
memory devices, to date there is no full understanding of the
mechanisms behind the observed eﬀects, and more work
needs to be done to fully elucidate the impact of defects on the
functional characteristics of potential devices. However, as it
often happened in microelectronic industry in the past, the
commercial products may emerge on the market before the
detailed physical models are developed, just by careful optimization of the fabrication process in terms of the performance
characteristics. Judging by the subject and the rapidly growing
number of publications devoted to the ferroelectric HfO2,
there is a potential for this material to be employed in a commercial (embedded) non-volatile memory, such as FeFET or
FeRAM, which would be competitive for some niche applications. We therefore hope that this review will appear useful
for both scientific and engineering communities working to
eventually accomplish this goal.
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